A Study of 2H + 3He Elastic Scattering and the Reaction 2H( 3He, 4He)1H Between 17.5 and 44.1 MeV by King, Thomas Richard
University of Colorado, Boulder
CU Scholar
University Libraries Digitized Theses 189x-20xx University Libraries
Fall 10-19-1941
A Study of 2H + 3He Elastic Scattering and the
Reaction 2H( 3He, 4He)1H Between 17.5 and
44.1 MeV
Thomas Richard King
University of Colorado Boulder
Follow this and additional works at: http://scholar.colorado.edu/print_theses
This Dissertation is brought to you for free and open access by University Libraries at CU Scholar. It has been accepted for inclusion in University
Libraries Digitized Theses 189x-20xx by an authorized administrator of CU Scholar. For more information, please contact
cuscholaradmin@colorado.edu.
Recommended Citation
King, Thomas Richard, "A Study of 2H + 3He Elastic Scattering and the Reaction 2H( 3He, 4He)1H Between 17.5 and 44.1 MeV"
(1941). University Libraries Digitized Theses 189x-20xx. 163.
http://scholar.colorado.edu/print_theses/163
STUDY OF 2H + 3He ELASTIC SCATTERING AND 
THE REACTION 2H (3He , 4He) jH 
BETWEEN 17.5 AND 44.1 MeV
by
Thomas Richard King
B.S., Massachusetts Institute of Technology, 1965
A thesis submitted to the Faculty of the Graduate 
School of the University of Colorado in partial 
fulfillment of the requirements tor the degree of 
Doctor of Philosophy 
Department of Physics ana Astrophysics
1971
This Thesis for the Doctor of Philosophy Degree by
Thomas Richard King 
has been approved for the 
Department of 
Physics and Astrophysics 
by
Ernest Rost
Date
King, Thomas Richard (Ph.D., Physics)
2 3A Study of H + He Elastic Scattering and the 
Reaction  2H( 3He, 4He) 1H Between 17.5 and 
44.1 MeV
Thesis directed by Professor W. R. Smythe
 An investigation of 2H + 3He elastic scatter­
ing and the reaction 2H ( 3He , 4He) 1H has been con­
ducted at bombarding energies between 17.5 and 44.1 
MeV to determine whether any states in 5L i , with 
appreciable widths for decay into two-body final 
states, exist in the region of excitation from
23.4 to 34 MeV in 5Li.
 An excitation function for 2H + 3He elastic
scattering was measured at three laboratory scatter-
ing angles, and for 2H ( 3He, 4He) 1H at four laboratory 
scattering angles. No evidence was found for virtual
states of the nucleus 5Li having appreciable two- 
body decay widths between 23.4 and 30.4 MeV excitation. 
Any such states have widths less than 200 keV between
23.4 and 25 MeV, less than 1.4 MeV between 25 and
30.4 MeV, less than 100 keV between 30.4 and 31 MeV, 
and less than 1 MeV between 31 and 34 MeV excitation
in 5Li .
Complete angular distributions for 2H + 3He 
elastic scattering and the reaction 2H( 3He, 3He) 1H
were taken at several bombarding energies between
18.5 and 44.1 MeV. A partial-wave decomposition of 
the elastic scattering angular distributions has 
been performed. No anomalous behavior is observed.
The angular distributions were also fitted with a 
linear Legendre polynomial series.
Finally, the angular distributions have been 
compared to the predictions of two simple direct-reac- 
tion theories: the Butler stripping theory and the 
diffraction theory. The fits to the Butler theorv 
are satisfactory, and the fits to the diffraction 
theory are remarkably good.
Absolute differential cross sections were 
measured to an accuracy of 3%. At bombarding energies 
below 21.6 MeV they supplement existing data of 
comparable accuracy. Between 34.8 and 40.5 MeV bom­
barding energy, existing data are sparse, and of only 
moderate (14%) accuracy. The present work extends 
the data in this region, and improves the absolute 
accuracy by a factor of five. The differential 
cross sections measured above 40 MeV in the present, 
work are the only data in this energy region.
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CHAPTER I
INTRODUCTION
A. GENERAL INTRODUCTION
In nuclear physics one would like to under­
stand the structure of nuclei and their interactions 
with one another in terms of the nucleon-nucleon 
interaction (possibly modified by many-body forces).
For a nucleus containing A nucleons this involves 
solving the A-body problem, which is not in general 
possible at the present time. Furthermore, the 
nucleon-nucleon interaction is still not completely 
known, although its general features are well 
understood^^. One is thus led to construct models 
which incorporate the known general features of nuclear 
forces. The models are usually separated into two 
groups: those dealing with nuclear structure (bound 
states) and those dealing with reaction mechanisms.
Examples of the latter are treated in Chapter II.i
The experimental and theoretical study of
light nuclei has received considerable attention in 
(2-35recent years . Interest in nuclear structure
calculations for light nuclei stems from the fact
that more realistic potentials may be used, due to 
the relatively small number of nucleons involved,
A number of recent calculations  ^ ^/ have been cjuite 
successful in reproducing the known level structure 
of A=5 nuclei, and have predicted new levels as well. 
The two most recent calculations for the nucleus 
'Li will be discussed later.
Ihe known level structure of ^Li is summarized
(2 )m  figure 1 . Also shown in figure 1 is a scale 
showing the He bombarding energy needed to reach 
a given excitation in '^ Li by bombarding with ^He. 
The nucleus Li is unbound, and the ground state is 
unstable to breakup into 1H + 4He by about 2 MeV,
When forming 5Li by bombarding 2H with 3He, breakup 
into T + 2p becomes possible at a bombarding energy 
of 3.65 MeV, and above 5.5 MeV breakup into
3.
He + p v n is also possible. Other manv~body 
thresholds are at bombarding energies of 28.4 MeV 
(2d+p), 34 MeV (d+n+2p), and 39.5 MeV (3p+2n) as 
shown in figure 1 .
The Mass of 2H + 3He is about 16,4 MeV above
the Li ground atate. The ~ ground state and the 
1 -
2 fi^st excited state at 5--10 MeV decay into
1 4
+ He- The spins and parities of these two 
states are just what is predicted by the
2
Figure 1-1: A summary of the experimentally 
known states of ^Li. The scale to the right of
3the energy-level diagram shows the He bom­
barding energy necessary to reach a given excita-
q  2 . 3tion in Li by bombarding H with He. The
thresholds for various breakup reactions are also 
shown. The levels tentatively identified by 
McGrath et al.(20) are indicated by question 
marks. The present work covers the region from
3
17.5 to 44.1 MeV in laboratory energy ( He 
bombarding energy).
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single-particle shell model, and correspond to
3 1lp^ - and lp-j orbitals for the odd proton outside
the oc-particle core. However, it is unclear
3 1whether one can extract the lp -^ - lp^ - shell splitting
from the energies of these two states, due to the
fact that both states.are unbound.
Above 16.4 MeV excitation in ^Li matters
? 3become complicated by the open “H + He channel, and
the additional many-body channels at higher energies.
3+For example, the level at an excitation of
16.7 MeV might be considered to have a shell-model
33 2 - 1 — 3configuration [ (Pj) ] 2 with the two p^ - nucleons
2coupling to spin 1 (re. a deuteron) and then coupling
3+to the hole to form spin ^ • Alternatively,
one coul^ consider the state to be a d|- proton and
4 3+a He core. Experimentally, the 16.7 MeV state
is observed to have nonzero widths for decay into 
both ^H + '4He and ^H + 3 He , so that its shell-model 
wavefunction may be a mixture of configurations.
In summary, calculations using fairly detailed 
potentials exist which reproduce the known level 
structure of light nuclei rather well. These cal­
culations also predict levels in regions of excitation 
where the nuclear structure is not experimentally 
well known. It is thus of interest to extend 
experimental studies to regions of higher excitation.
4
The primary objective of the present work is to
make a suvey of the region between 23.5 and
534 MeV excitation m  the nucleus Li.
B. EXPERIMENTAL SITUATION
5The level structure of Li has been extensively 
studied experimentally for excitation energies below 
about 22 MeV in Li. A summary of the situation in 
1965 is given in the review article by Lauritsen and 
A z j e n b e r g - S e l o v e ^ . The 1H + 4He channel has 
received much attention, partly due to the use of 
^H + 4He elastic scattering as a polarization analyzer.
Thus, extensive data exist for both + 4He 
elastic scattering and polarization in the region 
from 1 to 30 MeV proton bombarding energy .
Above 30 MeV the data are sparse. Bunker et al.  ^
have measured an excitation function at four angles 
with proton bombarding energies between 22 and 
46 MeV. The only feature seen was the. well-known 
state at an excitation of 16.65 MeV in Li, It is
5concluded that no states exist in Li above 16.65 MeV
excitation'which have appreciable widths (i.e.
greater than 0.5 MeV) for decay into + 4 He.
Above a proton bombarding energy of 22.9 MeV 
A 1 ') ^the reaction He ( K,“H)~'He is energetically allowed.
5
c
The existing data on this reaction (and its inverse 
^H (3H e, 4He) "*"h) are summarized in Table 1. Of 
particular interest is the excitation function taken 
by Back et a l . . No anomalous energy dependence 
was observed in the cross-sections taken at four 
angles: although local fluctuations were present, 
the authors assumed them to be statistical in 
origin.
2 3In H + He elastic scattering, a broad
f' Tj ^  \anomaly has been observed by Tombrello et al. ' 
in the cross section at about 6 MeV deuteron bombard­
ing energy. An examination of the ejirgy dependence 
of the coefficients of a Legendre polynomial expan­
sion of the differential cross section indicates that 
D-waves are responsible for the anomaly, which is 
attributed to a state in “Li at about 20 MeV
34- 54-excitation with spin or . The existing data on
2 3H + He elastic scattering above 3 MeV center-of-
mass energy is summarized in Table 1. Of particular
interest is the excitation function taken by Back 
(18)et al. . No anomalous energy dependence in the
cross sections has been seen above the anomaly
(17)described by Tombrello et al. .
McGrath et. a1. '2^* have found tentative
1 Sevidence for broad states in 'Li at 221.5 MeV
and 25±. 5 MeV from studies of the ;Li-(p* t)'/Li
7
TABLE 1-1
SUMMARY OF DATA ON 2 H+3He ELASTIC SCATTERING 
AND THE REACTION 2 H (3H e ,4He)^H (AND ITS INVERSE) 
EXISTING AT THE TIME THE PRESENT WORK WAS BEGUN
Equivalent 3He 
Bombarding
Energy (MeV) Reaction Investigator
52.75 4 1 7 ^H e ( H, H) He Harbison et al. ^ 3^
48 4He(1H,2H)3He Rogers et al.
46 4He(1H,2H)3He Cameron et al. ^^)
40.5 3He(2H,1H)4He '
39.3 3He(2H,1H)4He
38.3 3He (2I1,1H) 4He Bilani.uk and
37.2 3He (2H , 1Pi) 4He Slobodrian ■
36 3He(2H,1H)4He
34.8 3He (2H, 1H) 4He
2 0 . 6 3He(2H, 1H)4He '
18.4 3He (2H,1H) 4He
15.6 3He (2K, 2 H) 4He - Stewart et al.
1 1 . 2 3He (2H , XH) 4He
8 . 8 3He(2H,1H)4He) _
13 .6-26.7 3He (2H,1H) 4He Back et al. '
excitation function
28 .8-34.6 4 1 7 H eCLH / H )  JHe Bunker et al.
excitation function
40.5 3He(2 H,2H)3He '
39.3 3 2 2 *3 He ( H, H) He
38.3  ^ O O OHe ( H , H) JHe Bilaniuk and
37.2 3 2 ^He ( H , H) JKe Slobodrian(16}36 3 0 7 0He ( H, H) He
34.8 3He(2H,2H)3Ke j
TABLE 1-1 (continued)
Equivalent JHe 
Bombarding 
Energy (MeV)
13.5-26.7
Reaction Investigator
2 1 .6 3 2 He ( H, ?H) 3He
18. 5 3 ?He ( H, 2h) 3 He
1 2 .4 3 7 "He(H, 2h) 3 He
8 . 8 3 2 He ( H, 2 h) 3 He
8 .4 3He(2H, 2 H) 3 He
3-16 .5 3 2 He ( H, 2 h) 3 He
Brolley et al (19)
Tombrello et al. ^'2  ^
excitation function
3He(2 H,2H)3He Back et al.
■ excitation function
(18)
reaction. Coincidence studies of this reaction
revealed a further peak at 3 4 MeV excitation in
5 Li. The widths were estimated to be 1.5 MeV for
( )the 22 and 25 MeV states. Baker et al. ' have 
studied the 6 Li(3He,4 He)5Li reaction, and have 
observed some evidence for states at 19.8 and
22.8 MeV.
All the experimentally observed states have 
isospin T a l t h o u g h  the experiment of McGrath
3et al. (op. cit.) could have seen states with T-j
had they been present. One is led to conclude that
3 5 •the lowest T=j state in Li lies above 34 MeV in
excitation.
C. THEORETICAL SITUATION
Two recent theoretical papers have dealt with
the structure of ~L.i. As these calculations have
(4-6)been more detailed than earlier calculations ,
and as they both predict new resonances in the energy 
region of interest in the present work, they are 
briefly discussed below.
(7)Hess and Hackenbroich have done a
coupled-channel calculation within the framework
(o 2 ') .of the refined cluster model , restricting the 
calculation to coupled channels with
9
. . . 3 *containing asymptotically + p, d + He and + p were
considered. The behavior of the calculated phase 
shifts and channel coupling parameters is quite
complex, as might be expected from the experimental
3 3 3situation above the d + He threshold. The s=~ 'He -fd
channels were found to be almost uncoupled from other 
channels, except for L - 0. A quartet of resonances 
having L = 2 and S = ~ was found above 20 MeV excita­
tion. The spins and parities, in order of increas­
ing excitation energy are rj''§+ '^+ * In summary, 
the conclusions of interest are:
a) Channel, spin is conserved; there is no 
coupling between channels with S = y
and S = |-.
b) One may expect a quartet of positive
parity D-wave resonances above 20 MeV (it
is to be noted that the calculation places 
3+the known j resonance at 16.7 MeV a bit 
too high in energy).
/ q'Ramavatarara and R3m.avata.ram have done a
5 5shell model calculation for He and Li. The bound 
state approximation was used, and both Kurath and 
Tabakin potentials were used for the residual 
interaction. For both residual interactions, the 
three sd shell single-particle energies were varied 
to obtain agreement with the experimentally known 
structure. The results obtained using the Tabakin
10
potential gave the best agreement with experiment.
The calculations with the Tabakin potential predict
a state at 22 MeV and two states of spins and 
5+
2 25 MeV excitation, in addition to reproducing
O •. r i
the known states j at 16.7 MeV and ~ at 20 MeV.
One must be careful in assessing the significance of 
these results, however, as the bound state approxima­
tion implicit in the calculations is difficult to 
justify for the mass-5 system, which has no bound 
states»
D . RESONANCES 
It is of interest to consider briefly how 
unbound (virtual) states of nuclei may manifest them­
selves; in particular how they may manifest themselves 
in the energy dependence of elastic scattering and 
reaction cross-sections. Excited states of nuclei 
may be separated into bound and virtual states.
Boiand states may be studied by observing the radiation 
emitted in transitions between states, or by inelastic 
scattering. Virtual states are studied through 
resonance reactions or resonance scattering; they may 
manifest themselves as an anomalous energy dependence 
of the cross section in the vicinity of the energy 
of the virtual state. In order to be observed in 
this way, the virtual level must have an appreciable
11
probability of decay into the free-particle system 
whose scattering is studied. It is not deemed 
appropriate to consider in detail the theory of 
resonance reactions at this time. However, a short 
discussion is given below in order to show the 
behavior to be expected.
In Chapter II we shall consider scattering 
and reaction cross-sections. The matrix U, called 
che collision matrix, describes the scattering in 
terms of the asympiotic form of the wavefunction 
of the system. The U-matrix may be written in terms 
of another matrix, the R-matrix(23), which gives the 
logarithmic derivative of the wavefunction at the 
nuclear surface. The region of space in which 
nuclear interactions occur is replaced bv a "black 
box"; outside the box the nuclear interaction is zero 
Then continuity of the logarithmic derivative at the 
surface of the box determines the form of the wave­
function beyond the range of nuclear forces, and 
hence gives the scattering, The R-matrix connects 
the wavefunctions inside the box with those outside. 
One can make models of what goes on inside the box 
and construct the associated R-matrix. Calculation 
of the U-matrix from the model R-matrix then gives 
the scattering cross section, which can be compared 
with experiment.
12
If we consider a nucleus (A^,Z^) bombarded by 
another nucleus (A2 ,Z2), the events occurring in
the collision refer to states in the continuum of
A Athe nucleus (A1+A2 ,Zj+Z2)= Z. Now if z has a
state (with a lifetime significantly longer than
-21the collision time--about 10 sec. for moderate 
energies) inside our box at some energy, E , then 
the cross-sections associated with the collision of 
(Zj ,A^) and (Z2 ,A2) will show a strong energy 
dependence when the c.m. energy is near E^. 
Qualitatively, this may be visualized as being due 
to a longer collision time resulting from the 
formation of a virtual state. Since the state is a 
virtual state, it is not a state of definite energy, 
and has associated with it some width ^ . The 
width is related to the lifetime t-^  of the virtual 
state through t^ s s . Thus, provides a measure 
of the transition probability for a particular mode 
of decay of the state at E^ in A z . If several modes 
of decay are possible, each may be assigned a 
width Sc corresponding to its associated probability. 
The total width is then related to the widths in each 
open decay channel c by
C
13
A r
14
If neighboring states of are sufficiently far
away, one obtains the following expression for the
total cross section near a resonance at E-.A
( g ' r „ X £ . r w .)
where cr,.^ is the total cross section for the 
reaction c<~>o<  ^o< and denoting the incoming and 
outgoing particles, respectively, in their respective 
states (usually the ground state) . E_, is a state of 
Z having spin and parity j™ and the sums are over 
all values consistent wit.li /  j-s’ =jf'+ s'- J, V s  (->)*. 
The widths T^ c are the reduced widths for decay via 
the various channels c (c stands for internal quantum 
numbers, , and for J , 1 ,s f of the colliding pair) , 
while is the total decay width of the state. The 
factor gj is a statistical factor to account for any 
spins presenc and is the level shift. The expres~* 
sion for elastic scattering contains terms corres­
ponding to potential (hard sphere) scattering and 
resonance/potential scattering interference in 
addition to the term given above. The behavior of 
the cross section for s~wave neutrons in the vicinity 
of an isloated resonance is shown in figure 1 -2 .
We conclude from these considerations that 
an isolated state, of \  will be observable as
15
O'
FIGURE 1-2
An elastic scattering reasonance for 1=0 
neutrons. The 4Ttr2 curve represents potential 
scattering. The dip in the cross section is due 
to interference between potential and resonance 
scattering. Such a resonance must always at least 
appear in elastic Scattering, and may appear in 
the reaction channels as well (Adapted from 
Blatt and Weisskopf(^4) p, 401.)
a resonance in the scattering and reaction cross 
sections provided it has a sufficiently large width 
in the entrance channel, c, and in the exit channel 
c* which is studied, and provided that potential 
scattering does not dominate the scattering and thu 
mask resonance effects.
16
%
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CHAPTER II
THEORETICAL CONSIDERATIONS
A. INTRODUCTION
Some theoretical developments will now be
considered which are relevant to the present work, in
anticipation of future need. Section B of the present
chapter deals with some results of formal scattering
theory. An expression for the differential cross
section is given in terms of a partial-wave expansion,
and simplifying assumptions are made to bring it to
a more tractable form for calculations. An expression
for the angular distribution as a linear series of
Legendre polynomials is also given.
Section C deals with the theory of direct
surface reactions, originally developed by S. T. Butler.
2 1This theory is then applied to the ( H, H) stripping
3reaction on He.
Section D deals with the diffraction theory of 
direct reactions. The theory is applied to elastic 
scattering with Coulomb forces present, and to stripping 
reactions.
. B. SCATTERING THEORY
It is of some interest to consider the. 
application of formal scattering theory to the present 
work. The treatment below follows that of Lane and 
(1)Thomas
The wavefunction of the total system is assumed 
to satisfy the Schrodinger equation
H-l.) Hf- -- (T + v)tf =
Since the center-of-mass (c.m.) motion can always be 
separated, the above Schrodinger equation describes 
only the relative and internal motions of the par­
ticles in the system. From now on we shall consider 
only two-body channels, for which the subscript c de­
notes the set of quantities (^s-^im); denotes the 
pair of particles (and their internal quantum numbers) 
in channel c, s is the "channel spin" (formed by 
coupling the spins, It and I^ , of the particles in 
channel c) with projection -p , and 1 is their relative 
angular momentum with projection m. The waverunctions 
describing the internal motion of the pair in channel 
c are written
I,
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where the channel spin quantum numbers are denoted bv 
s and -z) . Since we are dealing with charged particles
we write the wavefunction of relative motion as a
superposition of regular (F) and irregular (G)
Coulomb wavefunctions, which have the asymptotic forms
tr _ tr S»n. ( p - '*lcl lo3 — k ^ 'Ir + )rt " Vi p -»«>VoC
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where ^  = ^  o.r3 is the Coulomb phase
shift, and ^  A i ^  -^s Coulomb field
parameter. If we define
Then we can write solutions representing incoming and 
outgoing waves, respectively, as
*c = (Gc“iFc>eA<°°
°c = (Gc+iFc )ei^ ,  
where c denotes the appropriate channel quantum numbers, 
The channel wavefunctions corresponding to incoming ana 
outgoing waves can now be written
Oc
0-c  = i*  Ym (A c ) VuV r c
corresponding to incoming and outgoing waves ot unit 
flux crossing any sphere centered at the origin. In 
the region beyond the range of the nuclear potential 
we can write the general solution of equation x as
nr-*.) f" = E (SVv ^  ,cc'
where the y are coefficients describing the amounts c
of the various incoming channels present. The matrix
U , is called the collision matrix. The amplitudes c c
• , . ,) of the outgoing waves of typeA«<'s V', s ~o v
(.*’s'-«>') at infinity which arise from a unit flux 
incident plane wave of type (cis-d) along the z--axis 
are
n-3.) = x *  c-<' ^  1 5J  + ‘ i?m. ^  *
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X *x,joC5“e^ rrt
The term C^-C©^,) is the Coulomb amplitude, while 
the second term contains the effect of the nuclear 
potential. The differential cross section is given 
by .A
do;'sy>cj  = I l •
Since the present work does not involve use of polarised 
beams or the observation of the polarization of the 
outgoing particles, we sum over -0' and average over -t) 
when we take the differential cross section. Let 
us now assume that channel spin and orbital angular 
momentum are conserved, so that s=s* and 1=1* . The 
accuracy of these assumptions has been tested by 
the coupled channel calculations of Hess and 
Hackenbroich^’ on 2R + 3 He. We get
 ^- *s7i E . ! I ;
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Note that spin-flip transitions are still allowed, 
and that the strength of the 2H(3Ile,4He) H reaction
must come from channel spin Since there are two
1 * possible entrance channel spins, s=2” (doublet.) and
s=| (quartet) , we have two cross sections to consider 
for elastic scattering, and only one for the 
(3He,4H e ) r e a c t i o n :
do'eio^ r.c s x C, I A I + J I
-zJ'tJ
The collision matrix is usually parameterized in terms 
of phase shifts according to
u , =reZ6S’c’cu ct
The collision matrix and phase shifts are both in 
general complex. For elastic scattering we may write
the amplitude in terms of phase shifts as follows
i -+* f?>r • *-\ .1— *— ; ( I C\-Vcustvo __ r [ r  — C. C©) 4 1 (e  •- e / >„
For reactions we have
_ » ___  , - 0 „) V * (Xo ,
A . v \ = TL CVicl4» expC*1 Vsjfrn’^ > ^ ^ v  ‘v,t *
For elastic scattering the real part of the phase 
shifts may be interpreted in terms of the asymptotic 
form of the outgoing wave functions as simply the phase 
difference (exclusive of Coulomb phases) between the
incoming and outgoing waves at infinity. The 
imaginary part of the phase shifts gives the change 
in amplitude corresponding to flux lost to other 
open exit channels. For the reaction channels, no such 
simple picture exists. Phase shift fits to the 
elastic differential cross sections measured in the 
present work are given in Chapter IV.
One can obtain a functional form for the 
differential cross section which is more convenient 
than those given above. To do this, we first transform 
from («'5i-AM) to (^5 j? j m  ) as channel quantum numbers.
The wavefunctions transform according to
- E (5X^Kvn"\7M)4 sjeT;^.- -
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(r,
«'sy‘
and the collision matrices are related by
- 72 u T .  . Yl '*/***'ijtm) ) .X , 9 , j
7  0 > l  }
The differential cross section for unpolarized beams 
is now given by the following expression, where k^ 
stands for the set of summation indices l-^ li m*~ )
and k 2 for (J2M 2 l2 l' m 2 ), and the assumption 
s=s* has been dropped:
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Tf-5.) da, - “ k*rrc< -*SjC<S k.k*
X f e ^ o |  J, M, Xsi^Jo |Ts M^Xs'i.'s/m,' | vT M, ) X
X(s4 V W ' | X tM t 1 Y4 « v 3 * x
* X^M + jn E^<- x
m'xJ-.;'
X ( s ^ o l T M X s W 'r u ' l  8*'s ; i /  *5-*? *
re
~r ^  = e*taV,e' £ -  U T, , ,®w*6 '^ets/ ^ $Aye>C%A *
We have not incorporated the assumption of channel 
spin conservation in equation II-5, which is quite 
general. At first sight it does not appear that 
any simplification has been accomplished. However, 
by use of the orthogonality and unitarity of the 
Clebsch-Gordan coefficients, together with recoupling 
techniques, one arrives at the following
31-(O e<1> 'TV ( | fs f~. \|£^ > . J__7~% ri > • I
d a T  ~ ~ki 1 ! ^ ' 0«'V5«cs +  nrus+O L> B Li<rfS,of.O:
x F* Ctos G^ i) -f yff (2,54-0 E (AT+ i)
The coefficients & L(f* s',«/s) are given by
6  (rfV^s) = }  (-0 *'s C  
L W ,
where the sf coefficients are related to the Racah W 
coefficients by 
t ( w  A ; S L ) =|(^|to w t« ^ + . f e v } ] 4 ({, ^ o°luo>W(V,^3i,s 0 .
Nov; we have in equation 11- 6 an expression for the 
cross section which is a sum of the Rutherford 
scattering and a term which is a linear sum of 
Legendre polynomials. Equation IX-6 is easy to use 
with a linear fitting computer code, and may give a 
unique set of fitting parameters. The price one pays 
is the fact that the fitting parameters are not simply 
related to the collision matrix elements (or, 
equivalently, to the phase shifts), which are the 
quantities one calculates from nuclear models and 
would like to obtain experimentally. Further dis­
cussion of this point appears in Chapter IV, together 
with the results of fitting the angular distributions 
with a linear Legendre polynomial series.
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C. STRIPPING REACTIONS
We shall now consider a simple model for the
mechanism of the (3 He,4 He)^H reaction which permits
calculation of the form of the angular distribution.
(3 4)This is the so-called stripping mechanism ' . The
form of the angular distribution for the outgoing
particles from (d,p) stripping reactions was first
(5)obtained by Butler.
The mechanism is illustrated schematically xn 
figure II-l. The interaction is assumed to involve 
only a few (i.e., one) degrees of freedom of the 
struck nucleus. Furthermore, the struck nucleus is 
assumed to have a highly absorptive core, so that 
particles with small impact parameters are. absorbed 
into compound nucleus or other channels, and the direct 
(d,p) reaction occurs near the nuclear surface. The 
incident deuteron undergoes a grazing collision with 
the struck nucleus and leaves its neutron behind.
The deuteron is a loosely bound particle, and its 
nucleons spend a significant fraction of the time 
beyond the range of their mutual nuclear force. We 
will make a Born approximation, treating the reaction 
as a perturbation on the elastic scattering; we use 
plane waves to describe the relative motion in the 
entrance and exit channels. .
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W S w i  initial state
* H
"©
final state
ligure II-l. Schematic representation of the
2 3 4 1  stripping mechanism for H( He, He)' H; c.m.
coordinate system. The alpha particles are f©reward-
3peaked in the direction of the incident He,
.
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The exact transition matrix element for a (d,p)(6)reaction may be written 
JJ-7.) T pd = lVra +Vpc |
where is the wavef unction for the system witha
outgoing' spherical waves of deuterons at infinity and 
<jf}^ is the wavefunction for the final state o£ out­
going proton and residual nucleus (core plus stripped 
neutron) with no interaction between them. ^pn 
the proton-neutron potential and V^c is the proton-core 
(target nucl€ius) potential. The transition matrix 
element is approximated by
T Pd ~ c -p> V P / t/ +j> ?
where P is an operator which projects onto the ground 
state of the target nucleus, c. The wavefunctions 
appearing in equation XX- 8 are written in more detail
as L «r
% <« • v #  c u.j c \K  o i  cu.,H, <e) * *  ]  % ck; >
wheire we have now explicitly restricted attention to
the (°He,^ H e ) r e a c t i o n .  The radial wavefunction
of the deuteron is given by (the angular
part is assumed to be pure S~state since the D-state
admixture is small— about 10%). The internal wavefunc-
tion of 3He is u,M (5), with 5 denoting internal'"we
coordinates, and #  * and are spin-one and
spin--- spinors. 'V/i C ) is the wavefunction describing
3the relative motion of the deuteron and He in the 
entrance channel, and ^ f q ) describes the relative 
motion of the proton and alpha particle in the exit 
channel. As previously mentioned, we shall vise plane 
waves for both and "V^  :
^  =e p j
the results obtained are therefore only valid for
small angles. We also ignore the effect of V : thepc
approximation thus obtained is discussed by
(3)Glendennmg
Now, the wavefunctions and are very much 
attenuated at small radii because of absorption into 
other channels (e.g. many-bodv final states). It 
is therefore to be expected that the main contribution 
to the matrix element II-7 comes from the nuclear sur­
face; the radial integrals will be cut off at the 
nuclear surface.
To proceed further, we write the 4He wavefunction 
explicitly: • ;
= C  U.3 *-Mr^  At, S*>a 1 ° °>
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where u is the shell-model wavefunction of the cap- n
Atured neutron in ' He., and is given by
Since the neutron is captured into an l=o shell-model 
orbital, we have
L'-Ci -
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where u, (1 ) and'u (r ) are the radial shell model
He o . 4wavefunctions of the He and captured neutron m  He.
The matrix element to be evaluated now becomes
i  e ‘  ^  1 V  1 a < !  C  ‘  y > m
If V is very short-ranged, we can set V U , = C M r ) pn P11 u
where c is a constant and r=?n-rp . The angular 
dependence is contained in the integral
I . c / j f  Ji?a*
rt re
where cf -it. -it is the momentum transfer. By perform- 
1 'fing an expansion of the plane wave e ^ in the usua 
manner and performing the angular integral, one is le 
to
OO
TT-'i.) I = c f d r  Uncr0 (<*r),
R
where we cut off the integral at the nuclear surface 
r=R. Since un (r)> f.alls off rapidly with r, a crude 
approximation to the integral in II-9 is 
~rro> u rt< o  jo cizxi*.
A more careful treatment(7) in which un is represented 
by its asymptotic form
Un ~  h 0 (i icr) pot~ r \ (i
gives an angular distribution for l-o stripping o .l 
the form
7
„ . dcr- £ k; r \/pa Uj Co)-] p i  r --1--. \J r (tjr) h (.-K.r)T 1W l  JoC-tr),n0 U ^  i.,r sRJ
r;A is the probability that 4He appears as 3He plus 
an l=o neutron and -}W.C‘ksJ rj)w( - u -liKr;! -Jr" ),.
= - w „ u « ) l ( i < - d > J o n 5 ,' |  j/x«i
is the Wronskian evaluated at r=R. ¥? is given m  terms
4 ,of the separation energy of a neutron from He, viz.
K,**E = " r^ri (m the nucleon mass) . The spherical s
Bessel and Hankel functions appearing above have 
simple forms:
sin- P sin. P o-o5 (°
>■<0 * T  • T *  "  7  >
W. ((.)= SSSf
D. DIFFRACTION MODEL FOR NUCLEAR REACTIONS
The diffraction model for direct, nuclear 
reactions is based on the assumption that,
for particles with moderate energies, the mean free
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path within nuclear matter is small compared to the 
nuclear radius. This implies absorption of particles 
coming within some d.istanceRo (about the nuclear 
radius) of the target nucleus. One may introduce 
the assumption of absorption by imposing appropriate 
boundary conditions on the wavefunction. Alternatively 
one may make a partial wave expansion and cut off the 
phase shifts of all partial waves whose classical turn­
ing points are less than R .
Let us consider the boundary condition to be 
imposed when both Coulomb and nuclear forces are 
present. This is applicable to elastic scattering.
The transition amplitude for elastic scattering
(10)may be written
I-/1.) ;hzT <«)> +
+ (>cCk>fjkl)
where £T (€j ) is the wavefunction describing internal 
motion,^ is a wavefunction of relative motion with 
outgoing boundary condition, and'^'^ ' is a Coulomb 
scattered wave with ingoing boundary condition. The 
second term on the right, f , is just the Coulomb 
amplitude
PeCkf ,1c;) = - 5 i ^ ' Csc* ( ! ) e‘ ^ ,’3'''‘ )
wherQ/q}ti>0 have been defined in section A, Z1 and Z^ 
are the target and projectile charges,- E is the
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center-of-mass (c.m.) energy, and 9 is the c,m. 
scattering angle. Using Green's theorem and the 
Schrodinger equation we can transform the first term 
in equation 1 1 - 1 1  to
TL- U )  -Pnuc.l. A ;  ) = I VrtL)t,| I $ r )
= Tfjr $  E V  V  C4)V  • d $
~>
The surface S coincides with the nuclear surface,
since V vanishes outside it. Tne boundary condi-nucl
tion corresponding to absorption inside the surface 
is
"III - o 1f on the "shadow" part of S
U) , COv = i'
on the illuminated part of S
where i-s a Coulomb scattered wave with outgoing
boundary condition. One may expand 11-12 in powers
of the Coulomb parameter,^ ; however evaluation of the
( 8)result is still nontrivial. Dar gives the follow­
ing result, valid for ^  & i ’
 ^ r} . . c D; (k R0) - Jc (kR©i-)
E - a )  ue)=<fcR { -— -jr- - ^ 1 }
Since the maximum value of the Coulomb parameter, 
•* 3 -*■
~ 1— i- encountered in the present work is 
t, -y
- 0.125 the elastic scattering angular distribu- 
CyA<xX
tions have been fitted with the cross section derived 
from the amplitude 11-13. The small value of , 
which implies small Coulomb effects, is characteristic
of light nuclei.
Let us now consider a nuclear reaction, as 
opposed to elastic scattering. Assume as in section C 
that the reaction occurs at the nuclear surface in 
a thin shell of width between R2 and R. That is, 
we consider all particles emitted in the foreward 
direction to have come from interactions occurring 
in an annulus of width AR (figure II-2).
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Incident beam 
direction is out 
of the plane of 
the page
Figure II-2.
To be specific consider a (c,p) stripping 
reaction. In order to be stripped of its neutron, 
the deuteron must strike the target in the annulus 
r4R. If it passes the target with r>R it will 
not be stripped, and if r<R^ it will be absorbed. We 
assume the stripped neutrons which are absorbed have 
a distribution proportional to some ; since the 
emerging protons were attached to these neutrons we 
weight the amplitude by to obtain
R. f w
31-14.) £(.kf k;')«c(t+'~ c.o<, e) /r d cfdf e *  ^ ^  ' *■ ’ ^
1 a o
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R* >
i,, V J  (i«),( li— COSe;v ^  ) (p M( {Jf+nn}!! !ml'~ ?~  X T ? - R . t i i v .  (  I i - g C O j  ( j - n i ) | (  ( j f + m ) ! !
valid for 1+m even and <£AR«X. The value l=o is 
appropriate for the 2 H(3He,4 He) II reaction, and the 
differential cross section is proportional to 
(omitting constant factors)
where £ - k^  -k- and <* = (. k d + k- - •*. kj, kj ooS 6 J ~ •
One gets the same basic form for pickup as for 
stripping reactions*, the momentum transfer, 9^ f being 
appropriately defined in each case. This is because 
the form of the angular distribution aepends only 
on the fact, that plane waves are used, a no. the i. e action 
is assumed to occur near the surface with the
diffraction amplitude being weighted by the density
y  $of nucleons (assumed proportional to some • ^  ) at 
the surface. Bilaniuk and Slobodrian^ll 12  ^ have 
found a J 2 (qR) dependence for the angular distribu­
tion of the 3He(2H,1H)4He reaction at bombarding 
energies from 23 to 27 MeV. Butler cut-off theory 
was used to extract an effective neutron-proton 
potential from the data. From the discussion of
O
the present section we see that the (qR) dependence
may be expected on other grounds.
Finally, we discuss the relationship between
the distorted waves Born approximation (DWBA) and
the diffraction theory. This has been more fully
(13)discussed by Rost and Austern  ^ for the case of 
inelastic scattering. The essential point to be 
made is that for surface reactions the cross section 
splits into two parts*14 :^ one part is determined 
by the model assumed for the interaction, carries 
selection rules, and determines the total cross 
section; the other part depends on the wave functions 
used in the entrance and exit channels, and determines 
the shape of the angular distribution. At foreward 
angles we expect the distorted wavefunctions at the 
DWBA to be similar to the plane waves of the diffrac­
tion theory since a large number of partial waves
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contribute to the foreward scattering, and both, 
theories give absorption of the lowest partial waves. 
Thus, we expect the angular distributions given by 
DWBA and the diffraction model to have similar 
shapes at foreward angles.
38
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CHAPTER III
EXPERIMENTAL METHOD
A. INTRODUCTION
This experiment is concerned with the measure­
ment of differential cross sections as a function 
of both scattering angle and bombarding energy.
Gas targets were used, so the detected particles 
come from a line element of finite length and the 
cross section formula differs somewhat from the 
familiar form (see Appendix I). For a small solid 
angle detector of ares. A looking at a gas target 
through a slit of width W, the number, n, of a 
given type of particle detected when N incident beam 
particles pass through the target is given by
W  A of CrHl-t.') n. = Ri>inS
where is the number of target nuclei per unit volume,
R is the distance from the center of the target to the
detector and L is the distance from the slit to thet
detector (see figure II-3) , © is the scattering or 
production angle, and ~~ is the differential cross 
section for production or scattering of the type of 
particle being observed,
Thus, in addition to the beam energy and 
scattering angle, we must measure four quantities in 
order to determine the differential cross section as 
a function of energy using a ga.s target:
1. The number, n, of particles of a given type 
reaching the detector.
2. The number, N, of incident particles giving 
rise to n scattered particles.
3. A geometrical factor appropriate for the slit 
system used to determine the target region in 
the gas target.
4. The gas density in the target.
In the following sections we describe first 
the technique by which the beam was prepared and its 
energy measured. The means by which the other 
necessary quantities were measured is then discussed 
Finally, the beam-energy degrader is described and 
its use for changing the beam energy in small steps 
is discussed.
B. BEAM PREPARATION AND HANDLING
Beams of He particles having energies from 
.18.5 to 44.1 MeV were obtained from the University o 
Colorado c y c l o t r o n . A schematic diagram of the 
beam-transport system and experimental areas is
41
shown in figure III-l. The quadrupole pair Q4A/Q4B 
produces both a vertical and a horizontal focus at the 
four-way adjustable slits (S4), and the beam spot at 
S4 is imaged with unit magnification at the center 
of the scattering chamber by the quadrupoxe triplet 
QT.
The energy of the 3He beam from the cyclotroi}
was determined by measuring the magnetic field of
bending magnet Bl. If the beam is collimated through
the slits SI and bent by Bl so it passes through
slits S2, where SI and S2 are the same width, t,
the system has a calculated dispersion of :
AP _ t.
P 166.3 cm.
The widths of SI and S2 were typically between 0.13
and 0.15 cm.; for a 0.13 cm. slit width we have
— - = 1.^3 x 10~3. The magnetic field of Bl was measured E
with a Varian nuclear magnetic resonance (NMR) probe.
The beam momentum v.s. NMR frequency was determined
/ O \by a Time-of-flight method' , the associated uncer­
tainty being one part in 1 0 The uncertainty in the 
beam energy is then
~ - 2 x 10-3.
E r
Thus, for 44.1 MeV 3He particles the uncertainty in 
beam energy was 83 keV and the beam energy spread was 
less than 68 keV,
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Figure III-l. Cyclotron and Beam Transport System. 
After leaving the cyclotron the beam passes 
through the 5° and 10° steering magnets and is 
focussed through slit SI by the quadrupole pair 
Q1A/Q1B. After passing through the quadrupole 
lens Q2A the beam is bent through 45° by bending 
magnet Bl; it then goes through Q3B and comes to 
a radial focus at variable slit S2. The bending 
magnet B2 bends the beam through an additional,v'< ■ '%
45°, sending it down the beam line to the "shielded 
cave."
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Since the measured cross sections were found 
to have large slopes at small angles, care was taken 
to accurately focus the beam on the exact center of 
the scattering chamber and to measure the scattering 
angle from the actual beam centerline. A 2.0 mm. 
aperture was placed in the target holder at the center 
of the scattering chamber and the beam transmitted 
through the aperture to the Faraday cup was maximized. 
Typically, 95% of the beam current was transmitted 
through the aperture. The beam centerline was 
determined by the method illustrated in figure 111—2.
A copper block with a 2.0 mm vertical slit was 
mounted in place of the detector telescope on the 
top tray in the scattering chamber. The angle at which 
maximum beam was transmitted through the slit when the 
beam was properly focussed through the target aperture 
was then taken to be the beam centerline. Typical 
values fell in the range 0.15° left to 0.20° left.
Data at angles below 15° were taken symmetrically 
on both sides of the beam centerline and the values 
obtained were averaged.
C. TARGETS AND DETECTOR TELESCOPES
The target material was Da gas. Gas targets 
have the advantage of uniformity of density over 
the entire area presented to the incident beam of
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Figure III-2. Beam centering geometry. The 
scattering chamber snout has a 5mm x 5mm square 
aperture, centered on the beam pipe. The beam 
centerline was adjusted for maximum transmission 
through the target aperture and the copper slit. 
Relative dimensions in this figure are not to 
scale. The beam enters at the top of the figure.
BEAM
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particles. In addition the density may be accurately 
calculated from the gas law if the pressure and 
temperature are known, provided effects due to local 
heating of the gas by the incident beam are gligible. 
Local beam heating effects have been considered by 
A l l i s o n f o r  protons passing through helium gas, 
and have been found to be negligible. They are 
only important when the power dissipated by the beam 
in passing through the target is sufficiently large 
to give rise to large local density gradients in 
the target gas near the beam.
The target cell and detector telescope used 
for angles above 15° is shown m  figure III-3. The 
slits serve to define the target region viewed by the 
detector. The slit widths and other fixed geometrical 
quantities associated with the detector telescope are 
susceptible to accurate measurement. The target was 
filled to a pressure of slightly more than one
(5)atmosphere and sealed several years ago . The 
densitv of gas in the target was measured byA Z
filling an identical target cell with D£ gas to a 
known pressure at a known temperature and comparing 
the counting rates obtained by successively putting 
one target and then the other into the beam. The two
targets were placed, one above the other, in the 
target holder and the counting rate at 40° for
46
Figure III-3, Sealed Target and Short Telescope 
Configuration. Only the telescope slit system is 
shown. The first slit is to prevent the detector 
from seeing the beam spots on the foil windows. 
Slit widths are given, and were measured with 
Johanson blocks. The height of the rear aperture 
was determined by circular aperture whose diameter 
was measured with a hole gauge. The telescope 
views the line segment (X^,X2 ), and has an 
acceptance angle of 2.6°. For a more complete 
description see reference 5. The drawing is not 
to scale.
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elastically scattered deuterons was measured using 
one target after the other. A total of five pairs 
of measurements were taken, with beam currents from 
20 nanoamperes to 400 nanoamperes passing through 
the targets. The Wallace and Tiernan model FA 129 
pressure gauge used to measure the filling pressure 
has a specified accuracy of 0.1% of full scale (full 
scale is 2200 pounds per square foot (psf)). and 
hysteresis of less than 0.05%. Temperature compensa­
tion is accurate to 0.05%. The temperature of the 
Dp 9as in the target cell was monitored by attaching 
a thermometer to the target cell with Apiezon Q-wax.
The thermometer could be read to an accuracy of
0.2°C. Counting statistics were less than 0.25%.
The measurements gave a density of (4 . 05'i.. 03) xlO15 . 
When the density was previously measured, in 1967 
it was found to be 4.14 x 1019 atoms/cm3, 2% higher 
than its present value.
For angles below 15° the target cell and 
detector telescope shown in figure III-4 were used.
It was necessary' to use the longer target because 
the intersection of the acceptance angle of the 
detector telescope with the beam was longer than 
the diameter of the sealed target cell, for angles 
below 15°. The long telescope used ir: conjunction with
48
Figure III-4. Long Target and Long Telescope 
Configuration. The telescope views particles 
originating from the line segment (x^,x2 ). Slit 
widths were measured with Johanson blocks. The 
rear aperture is circular; its diameter was 
measured by inserting various rods (which were 
machined and polished) and then measuring the 
diameter of the rod which just passed through the 
hole with a micrometer.
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the long target had half as large an acceptance 
angle as the short telescope used with the sealed 
target. Since the cross sections rise very rapidly 
at small angles, it is desirable to have better 
angular resolution at small angles in order to 
minimize corrections to the cross section as dis- 
cussed in Appendix I. The long target was filled 
to a relatively low pressure, typically about 
400 psf (0.2 Atmosphere). Evacuation and filling 
was accomplished after the scattering chamber was 
evacuated, in order to avoid reverse flexing of the 
foil windows of the target cell.
Particles undergoing nuclear interactions 
with the gas in the target may be further 
scattered in passing through the foil window of the 
cell. While large-angle scattering is improbable, 
multiple Coulorab scattering may be important. 
Multiple scattering causes some particles to be 
scattered out of the path to the detector, but such 
losses are at least partly compensated by particles 
scattered into the detector. Whether there is net
»
loss or gain depends on the behavior of the nuclear 
scattering cross section at the particular angle 
under consideration. Calculations are presented in 
Appendix II which give the behavior to be expected,
together with the magnitude of the correction to be 
applied to the measured nuclear cross sections.
Since the protons produced in the *H( He, He)'R 
reaction have energies up to 55 MeV, and are thererore 
quite penetrating, it is pertinent to consider how 
well the beam-defining.apertures perform the task of 
collimating the beam of scattered particles. Since 
particles which penetrate the slit edges, and in 
some cases pass entirely through the front slit, 
lose energy in so doing, the effects of slxt 
penetration will be a function of detector resolution. 
In addition, slit scattering effects will be a 
function of the stopping power and thickness of the 
slit material and of the particle type and energy.
A treatment of the problem is presented in Appendix 
III; it is there shown that the corrections for 
slit scattering are negligible in the present experi­
ment .
The gas used to fill the target cells was 
obtained from the National Bureau of Standards, and 
was certified to be of 99.9% purity. However, 
contaminant peaks were observed which were 
particularly prominent in the elastic He spectra 
at low angles. Fitting the contaminant peak 
locations and .areas with a Gaussian fitting program
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indicated that the contaminants were probably 
hydrogen and carbon. It is speculated that the con­
taminants may have arisen from outgassing of the 
epoxy glue used to cement the target cell windows in 
place.
D. DETECTORS AND ELECTRONICS
Two types of detectors were used: Si(Li) 
solid-state detectors and plastic scintillation 
detectors. The 2H(3He,4He) H reaction has a positive
18.4 MeV Q-value, so that quite energetic protons
3are produced. In particular, at a He bombarding 
energy of 4 4 MeV the outgoing protons at a lab angle 
of 5° have an energy of about 58 MeV. No Si(Li) 
detector, or feasible combination of such detectors, 
was available which could stop 58 MeV protons 
*(which have a range of 1.6 cm in Silicon). There­
fore, plastic scintillation detectors were used to 
detect protons with energies greater than about
39 MeV.
Two blocks of scintillator plastic (terphenyl 
in polystyrene) were milled and polished. One block 
measured 1.0 x 2.5 x 3.0 cm and the other was
1.5 x 2.5 x 3.0 cm. Each block was attached to the 
face of a DuMont. 6291 photomultiplier tube using
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silicone grease. Each scintillator was carefully 
centered on the face of the photomultiplier tube, 
and the assembly was covered with aluminum foil held 
to the body of the tube by black vinyl electrician's 
tape in order to make it light-tight. The smaller 
assembly was used in conjunction with the long 
telescope, and the larger with the short telescope.
In use, the photomultiplier tubes were biased to 
about 600 V. The output from the tubes was fed through 
a charge terminator and then amplified, Pulse-height 
spectra were digitized and stored in a ND 50/50 ana­
lyzer and transferred to a Digital Equipment 
Corporation PDP--9 computer for further analysis 
and permanent storage on magnetic tape.
All of the elastic scattering data, and the 
reaction data in which He were the detected particles, 
was taken with solid-state detectors. A thin trans­
mission-mounted detector (AE detector) was mounted 
in front of a thick detector (E detector) in which 
the scattered particles came to rest. A 9700 micron 
thick detector was.used for the E detector and various 
transmission-mounted detectors (typically 100 to 200 
microns thick) were used for E detectors. The pulses 
from the E and AE detectors were used in conjunction 
with the electronics shown, in figure III--5 to obtain 
a pulse proportional to M2. for the detected particles
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Figure III-5. Block diagram of electronics for 
Si(Li) detectors. Amplification and pulse 
shaping was performed by the ORTEC Model 109A 
preamplifiers and the Tennelec Model 223BLR linear 
amplifiers. The pulse-shaping time constants of 
the Tennelec linear amplifiers was 1.0/isec. The 
Erbtec (an in-house brand of electronics) Model 
220 Dual Signal Processor performs several 
functions. When pulses arrive in coincidence 
at the prompt E and AE inputs, linear gates are 
opened and the delayed E and AE pulses are 
allowed to pass on to a pulse-stretching circuit; 
at the same time a logic (Enable) pulse is also 
generated. The stretched E and AE pulses, 
together with the enable pulse, are applied to 
the inputs of an ORTEC Model 423 Particle 
Identifier. The identification technique used 
by the Model 423 was originally suggested by 
Goulding et al.{6'?). The model 423 also puts out 
a pulse which is proportional to the total energy 
(E+AE) of the detected particle.
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(m = mass and 7, - change of detected particle) and 
a pulse proportional to the energy of the detected
particle (see caption for figure IIJ-5). The pulse
2 , . . .proportional to inz was applied to a discriminator
and linear gate built into the ND 50/50 analyzer; 
whenever the P.I.O. pulse height was within the 
limits set by the discriminator, the linear gate was 
opened and the energy pulse associated with the 
P.I.O. pulse was cillowed to pass into the ND 50/50 
to be digitized and stored. Energy pulse-height spec­
tra, obtained in this manner, for each particle 
type of interest were transferred from the analyzer 
to a PDP-9 computer for further analysis and 
permanent storage on magnetic tape.
1 2  3The detector efficiency for H, H, He, and 
4He was taken from the work of King e_t al. and
(Q)of Makmo ert ai_. , and the data were corrected 
for detector inefficiency due to nuclear reactions 
of the incident particles with Si nuclei in the 
detectors.
The P.I.O. pulse spectrum proved to be 
sensitive to the count rate, due to the occurrence 
of pulse pileup in the preamplifiers. Figure I.II-6 
shows P.I.O. spectra obtained at 15° for analyzer 
dead times of; 5.% and 15%. In order to avoid
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Figure III-6. Particle identifier output (P.I.O.) 
pulse dead time dependence. Both plots were made 
by tracing photographs of an oscilloscope display 
of the P.I.O. pulse spectrum. The vertical axis 
is counts/channel and the horizontal axis is 
P.I.O. pulse height. The upper plot shows a 
particle identifier output spectrum obtained at 
15° with 35 MeV 3He nuclei incident on a I>2 gas 
target. The analyzer dead time was 15% 0*75 = 0.15). 
The lower plot shows the spectrum obtained when 
the analyzer dead time was less than 5%. The lower 
spectrum is much "cleaner," allowing the 
particle-identification gates to be more precisely 
set.
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possible errors due to this effect, low beam currents
(typically 15-20 nanoamperes) were used at the lower
laboratory angles, where count rates from the
3elastically scattered He particles were very high
4(greater than 10 /sec at 15° with 5 0 nA of 35 MeV He 
incident). The analyzer dead time was in all cases 
less than 3%. A check of particle identification gat­
ing was made by measuring the count rate for 
elastically scattered deuterons at 40° laboratory 
scattering angle, where the outgoing deuterons are 
well-separated in energy from other outgoing particles. 
No statistically significant difference was observed 
between the count rate obtained when gating was not 
used and the count rate obtained with the analyzer 
gated by the P.I.O. pulse.
The unscattered beam passing through the 
target was collected by a Faraday cup (see Section
III-E). The Faraday cup was connected to a Dymec 
2211 BR voltage-to-frequency converter, the unit 
was operated as a current-to-frequency converter, by­
passing the voltage-range resistors ^, and the 
output pulses were applied to the "clock" channel 
input of the Nuclear Data ND 50/50 analyzer. The 
accuracy of the current integrator is estimated to 
be 1% (ref. 4 op. cit.). Since the analyzer will
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not accept input pulses while it is processing a 
pulse, the "clock" channel is automatically corrected 
for dead time. If N pulses/sec arrive at the inputs, 
n pulses/sec are actually counted, and (sec) is the 
dead time per pulse, then,
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As mentioned above, beam currents were always such 
that ri'VjtsY..
E. SCATTERING CHAMBER
A 1-meter scattering chamber was used. The
vacuum in the chamber was maintained at typically 
— 610 Torr. The chamber was equipped with two 
trays, on which detectors and slit assemblies were 
mounted, which could be rotated about the center of 
the scattering chamber. The angle of rotation was 
measured by a system of gears, mechanically linked 
to the worm wheels driving the trays, and was trans­
mitted to mechanical counters in the control room 
via a pair of selsyns. The angular position of the 
detector telescopes, when mounted on the trays, was 
checked with a beam-line transit, inserted in the 
beam line upstream from the scattering chamber. An 
offset of 0.2° left was found for the short telescope, 
mounted on the top tray. This is approximately equal
to the offset found by the beam position measure­
ments described in section B, and indicates that the 
offset is an error in the top tray position indicator. 
No measurable angular offset was found for the long 
telescope, mounted on the bottom tray. Measurements 
with the beam-line transit indicate that the 
reproducibility of the angular position of the trays 
is ±0.1°.
A 7.6 cm diameter Faraday cup, located 1.27 m 
from the center of the scattering chamber, was used 
to collect the transmitted beam. Viewed from the 
center of the scattering chamber, the acceptance 
angle of the Faraday cup is a cone of half-angle 
1.72°. The electronics used to digitize the 
collected charge is described in section D. It is 
important to consider the charge-collection 
efficiency of the Faraday cup. In particular, the 
foil windows of the target cell necessitate a 
correction for multiple Coulomb scattering. One 
must also consider the effect of possible beam 
misalignment, collection of secondary electrons 
produced in the foils, and possible losses of 
secondary electrons produced inside the Faraday cup. 
Allison (ref. 4 op. cit.) has considered the latter 
two effects for protons and found them to be
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negligible. The effects of multiple scattering 
and possible beam misalignment are considered in 
Appendix II. The correction for multiple 
scattering can be quite large (it is 9.5% at 
20 MeV), and has been applied to the data. The 
error due to possible beam misalignment is given 
in Appendix II, and is included in the quoted 
errors of the cross sections given in Chapter IV.
The target cells were mounted in a five- 
position target holder at the center of the 
scattering chamber. The target holder could be 
raised and lowered, as well as rotated. Vertical 
alignment of the target holder positions was 
checked with a transit. Two of the target holder 
positions were found to be within 0.05 mm of the 
central plane, of the scattering chamber; these 
were the positions used. The other target positions 
were off by as much as 1.3 mm.
F. BEAM ENERGY DEGRADER
It was found that changing the beam energy 
in small steps was excessively time-consuming 
when done by retuning the cyclotron, so a beam- 
energy degrader was designed.
The degrader was designed to be installed 
immediately beyond the motor-driven slits in the 
cyclotron vault (see figure III-l, page 43); the 
space available behind the slits was 2cm. wide by about 
12cm. square. The. beam has a radial waist at the 
motor-driven slits, and its vertical extent is 
typically 5nun. By inserting the degrader at this 
point one can use the downstream elements of the 
beam-transport system for beam-energy analysis. In 
addition, locating the degrader at a radial focus 
minimized the loss of beam by degrader foil scatter­
ing in the radial direction. It would be even 
better to locate the degrader at a double (vertical 
and radial) focus, but no such focus exists ahead 
of the analyzing magnet on this cyclotron.
Figure JII-7 is a sketch of the degrader,
comprising a foil-holder, vacuum lock, and mounting
flange. Beryllium foils are stacked in the foil
holder: one foil over one aperture,and two foils
over the other aperture. Beryllium foils (about 
22 mg./cm. ) were'used in order to minimize multiple 
scattering in the foils. In use, the foils are 
inserted or removed from the beam by inserting 
appropriate spacer rods between the foil-holder 
collar and the vacuum lock flange. In addition,
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Figure III-7. Beam Energy Degrader. Beryllium
. v
foils were stacked over the apertures in the 
foil-holder assembly and the cover plates 
fastened in place. The foils were positioned 
in the beam by inserting the foil-holder 
through the vacuum lock and matching the posi­
tioning pin with the hole in the bottom of the 
vacuum lock. A spacer was used to obtain the 
correct position for the top set of foils.
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the equivalent of three foil thicknesses could be 
presented to the beam by inserting two foils in the 
beam and rotating the foils normal to an angle of 
48° to the beam. Thus, a total of four energies 
are available from a single tuning of the cyclotron. 
This is particularly desirable in view of the fact 
that considerable ' J‘C activity is built up when 'He
beams are degraded, due to the reaction
9 3 11Be( He,n) C. This activity has a 20 minute
half-life, and makes it time-consuming to change the
number of foils on the foil holder.
The use of Beryllium foils to degrade the
beam ensures that the maximum possible fraction
of the degraded beam is within the acceptance of
the downstream beam optics. A 770 nA beam of
20.9 MeV He ions was obtained from the cyclotron.
When one foil was inserted in the beam, the current
transmitted to the Faraday cup dropped to 340 nA
and the beam energy dropped to 20.5 MeV. When two
foils were inserted, the results were 200 nA of
transmitted beam with an energy of 20 MeV; when three
foil thicknesses were used (obtained by rotating
the holder as described) 72 nA of 19.5 MeV ''He ions
were transmitted tc the Faraday cup. It would thus
appear that more than 1.5 MeV of degradation is
63
probably undesirable from the point of view of beam 
intensity.
Considerable interest has been expressed in 
the beam-energy degrader, and it should prove quite 
useful whenever small steps in beam energy are 
desired.
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CHAPTER IV
RESULTS AND CONCLUSIONS
A. DISCUSSION OF PROBABLE ERRORS
Most of the individual sources of error have 
already been discussed in Chapter III. We summarize 
the total probable error below, and discuss further 
some points made in Chapter III.
At bombarding energies below 31 MeV an 
important source of error is the uncertainty in 
Faraday cup efficiency. This uncertainty arises 
because multiple scattering in the target windows 
causes a fraction of the beam to miss the Faraday 
cup, as described in Appendix II. We separate this 
error into two parts:
1) The uncertainty in the multiple scattering 
calculation itself;
2) The uncertainty due to possible beam mis­
alignment .
Actually, some of the error due to the second part 
arises from the first part. For uncertainty in the 
calculation we assign an energy-dependent probable 
error, which is shown in Table IV-1. This error
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TABLE IV-1
3He Energy .L 7.5MeV 20 MeV 2 5.5MeV 31MeV 35MeV 4 4.IMeV
Multiple
scattering
calculation
0.6% 0.3% 0.2% <0.1% <0.1% <0.1%
Beam
Alignment
1% 0.5% 0.2% <0.1% <0.1% <0.1%
Current
Integration
1% 1% 1% 1% 1% 1%
Detector
Efficiency
1% 1% 1% 1% 1% 1%
Statistics 
and Back­
ground 
Subtraction
1% 1% 1% 1% 1% 1%
Geometry
Measurement
1.5% 1.5% 1.5% 1.5% 1.5% 1.5%
Gas
Density
0.75% 0.75% 0.75% 0.75% 0.75% 0.75%
RMS
Absolute
Probable
Error
2.7% 2.5% 2.4% 2.4% 2.4% 2.4%
Summary of absolute differential cross-section 
probable errors. Beam alignment errors are 
assigned assuming a probable alignment error 
of 0.15°. For some of the excitation function 
data counting statistics and background sub­
traction contributed 2% to the probable error, 
as mentioned in section B, the other contribu­
tions being the same as above.
arises from the error in measurement of Faraday cup 
geometry, from the error in measuring window thick­
ness, from sources of error in the expression used 
to calculate the mean-square scattering angle, and 
from round-off errors in the calculation, The 
error due to possible beam misalignment is more 
serious, is discussed in Appendix II, and is tab­
ulated in Table IV-1.
The pulse-height spectrum peak areas and 
backgrounds were determined using the computer 
program SPECTR ^, which also calculated the 
counts/^ucoul. for each peak. The error in peak 
area was taken to be 
An = ifm-ZB , 
where N is the number of counts in the peak and 
B is the background subtracted. The ratio of peak 
counts to background counts was generally such 
that no significant contribution .to An arose from 
background subtraction.
The measurement of the gas density in the 
sealed target has been discussed in Chapter III.
For the long target, an error of 1% is assigned 
to the filling density, due primarily to the 
temperature measurement. Local density fluctuation,
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due to heating of the gas by the beam passing 
through the target, is a possible source of error. 
Heating of the target gas, at a given bombarding 
energy, increases with increasing beam current; 
heating also increases with decreasing beam energy, 
for a given beam current. A search for beam 
current-dependence was made at a bombarding energy 
of 18.7 MeV with beam currents from 20 to 400 
nanoamperes passing through the target. No 
statistically significant variation of the count 
rates was found; it is concluded that localized heat- 
ing of the target gas by the incident beam is not 
a source of error in the present work.
The corrections made for detector efficiency 
have been discussed in Chapter III; the greatest 
magnitude of the correction is about 5%, for 
40 MeV protons incident on Silicon detectors. The 
overall uncertainty in detector efficiency is assigned 
a contribution of 1% to the error in the measured 
cross sections.
At low laboratory scattering angles the finite 
acceptance angle of the detector telescopes 
necessitates making corrections to the cross section 
formula (see Appendix I). However, the presence 
of contaminants in the target gas gave rise to large
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backgrounds at low angles and below 11° laboratory 
angle even fitting with overlapping skewed gaussians 
gave useless results for elastically scattered
3He. For the other detected particles, corrections 
were made for finite detector angle and finite beam 
size. For the latter, the beam size was assumed to 
be 2.0 mm, as an aperture of this diameter allowed 
55% of the beam to pass through. The largest 
correction applied was 0.56% for deuterons at 5° 
laboratory angle.
The technique of beam energy measurement 
and the properties of the beam transport system 
have been described in Chapter III. To recapitu­
late, the beam has an estimated energy spread of 
68 keV, and the probable error in the energy 
measurement is 8 8 keV at 4 4 MeV bombarding energy.
B. EXCITATION FUNCTION DATA
Excitation functions were taken at a:number 
of laboratory scattering angles, both for elastic 
scattering and for the reaction 2H(3He,4He)1H. 
Elastic scattering will be discussed first.
An excxtation function was taken for H+ He 
elastic scattering at laboratory angles of 17°, 40%
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and 55°. These angles correspond to the two minima 
and the central maximum of the angular distribution. 
The data are shwon in. figure IV-1 and tabulated in 
Table IV-2. Data taken by Brolley et al. are, 
shown for comparison. The Brolley points have been 
obtained from their results by linear interpolation. 
The agreement is quite good, although the data were 
taken at different laboratories and by different 
methods.
The elastic scattering excitation functions
all show a smooth energy dependence to within the
relative accuracy of the points. In particular, the
data at 40° laboratory angle can be fitted with a
straight line on a logarithmic plot. The region
from 7.5 to 8.6 MeV center-of-mass energy, which
corresponds to 23.9 to 25 MeV excitation in 5Li,
shows no anomalous energy dependence of the cross
sections. The region from 16 to 17.6 MeV center-of-
mass energy, corresponding to 32.4 to 34 MeV excita- 
5 .tion in Li, likewise shows no anomalous energy 
dependence. Since the states seen by McGrath et al. 
at about 25 and 34 MeV excitation have widths of
1.5 MeV, and since the energy steps .in the present 
work are between 0. .1 and 0,8 MeV in the region where 
effects due to these states should appear, we would
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Figure XV-1. Excitation functions for H+ He 
elastic scattering at three laboratory angles. 
The points between 15.1 and 15.5 MeV c.m. energy 
were taken with the beam-energy degrader. Data 
of the present work are denoted by circles; 
points obtained by linear interpolation from 
the data of Brolley et al. (op. cit.) are 
denoted by squares.
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TABLE IV-2
E~ ' " -E . dc/(17°) dg’(40 ) do~(55°)
,. ‘cS"-l. /m * w \ d^c . m . d& c . m . d«ftc . m .
' 0  ^ _____ __T_ 1 ____ (mb/sr)______ (mb/sr)_____ (rab/sr)
18.7 7.5 
20 8 
21.26 8.5 
25 10
25.5 10.2
26.7 10.7
31 12.4
32.9 13.2 
35 14
37.7 15.1 
38 15.2
38.2 15.3
38.5 15.4
38.7 15.5
40 16.0 
42 16.8 
44.1 17.64
35.2 73. 2 20.3
30.9 70.2 21. 4
26.0 64.9 19. 4
14.8 52.4
14.2 48.8 17.5
12.4 44.3
8.5 33.3 16.4
8.2 15. 8
7.4 25.5 16 .4
7.0 20.0 14.6
7.0 19.4 14. 4
7.4 20.0 14.8
7.2 19.9 15.3
7.4 19.0 15.1
7.5 18.0 15.1
7.0 16 .0 14.4
7.5 14.0 13.5
2 3 . . .'H+ He Elastic Scattering Differential Cross Section 
As a Function of Incident He Energy at Three Angles 
The data were all taken by observing recoil deuterons 
Data between 37.7 and 38.7 MeV laboratory energy were 
taken with the beam-energy degrader. Counting 
statistics at 17° and 40° were 1% or better while 
statistics at 55° were 2% or better. The absolute 
cross sections have a probable error of 3% or less 
in all cases. The probable error in beam energy 
is 88 keV or less i.n all cases.
expect to see anomalous energy dependence of the 
cross sections if these states have appreciable 
widths for decay into 2H+3He.
Excitation functions were also taken for the 
reaction 2II (3He, 4He) 1H at laboratory angles of 60°, 
100°, 125°, and 165°. The data are shown in 
figure IV-2 and are tabulated in Table IV-3. The 
reaction data are "cleaner" than the elastic data in 
that the detected protons are well separated in 
energy from all other particle groups, and much 
lower background levels are associated with them.
The beam-energy degrader was used to take the 
data from 7 to 8.3 MeV center-of-mass (c.m.) energy. 
One cyclotron tune covered the first four points, 
and another tune covered the second four points.
From 8.5 MeV c.m. energy on,, each energy represents 
a new cyclotron tune. Some of the data were taken 
in conjunction with angular distribution measurement 
All the excitation functions shown in figure
IV-2 exhibit a smooth variation with energy. Data
/ 5 \taken by Stewart et al. ' at ci c.m. energy of
8.2 MeV agree very well v/ith the present work (so 
well, in fact, that they are not shown as they 
would obscure data points of the present work 
lying at closely adjacent energies). Other data
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2 3  ^ 3Excitation functions for the reaction H( He, He) II 
taken at four laboratory angles. Data from 7 to
8.2 MeV c.m, energy were taken with the beam- 
energy degrader; two cyclotron tunings were 
required. Some of the data given in Table IV-3 
are not shown, as they would obscure points at 
adjacent energies. Points obtained by linear 
interpolation of the data of Stewart et al. (op. 
c.it.) at a lower c.m. energy are shown for 
comparison. The present data are denoted by 
circles; the data of Stewart et al. are denoted 
by crosses. Probable errors are the same size 
as the circles used to denote the data points.
Ivo evidence for excited states of the compound 
nucleus (JLi) ic seen.
Figure IV-2.
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TABLE IV-3
ELab
(MeV)
Ec .m.
(MeV)
do'(6 0°) 
diic .m. 
(mb/sr)
do'(100°) 
diic. m . 
(mb/sr)
do'(125°) 
dflc.. m . 
(mb/sr)
do' (165°) 
d-fic. m . 
(mb/sr)
17.48 7.0 1.67 4.92 2. 73 13.6
18.03 7.2 1.61 4.92 2.60 13.6
18. 46 7.4 1.57 4.88 2.52 13.6
18.7 7.5 1,53 4. 70 2.38 13.1
18.93 7.6 1.53 4.92 2.35 13.1
19.28 7.7 1.49 4.78 2.32 13.1
19. 94 8 1.41 4.81 2.24 13.5
20.35 8.14 1.34 4. 70 2.14 13. 3
20. 8 8.3 1.28 4,66 2.10 13.2
21.26 8.5 1. 32 4,75 2.16 13.5
22.2 8.9 1.25 4. 81 1.98
25.0 10 1.09 4.62 1.74
25.5 10.2 1.03 4.52 1.66 13.1
26.7 10.7 0.97 4.57 1.59
29.3 11. 7 0.84 4,16 1.52
31.0 12.4 0.76 4.01 1.42
32.9 13.2 0.66 4.07 1.43
35.0 14 0.63 3.74 1.37
36 .9 14. 8 0.56 3.47 1.34
38.4 15. 4 0 .52 3.47 1.34
38. 8 15.5 0.51 3. 32 1.35
40 16.0 0.49 3.24 1.33
42 16.8 0.44 3.17 1.30
44.1 17.6 0.41 2.95 1.32
Differential Cross Section
Excitation function data for the reaction
2h (3ne,4He)lH at four laboratory angles. The
data were all obtained by observing outgoing
protons from the reaction Counting statistics
were 2% or better in all cases; the probable error
in absolute cross sectionsis 3% or better The
probable error in beam energy measurement is 
88 keV or better. The data between 17,5 and 
20.8 MeV laboratory energy were taken with the 
beam-energy degrader.
taken by Stewart et al. (op. cit.) at a lower c.m. 
energy are shown in figure IV-2 for comparison; the 
agreement is quite good. The absence of any anomalous 
energy dependence of the reaction cross sections can 
arise in a number of ways:
51. There are no states of Li in the region of 
excitation from 23 to 34 MeV.
2. There are states of Li in this region of
excitation, but they have small (or vanish-
2 3ing) widths for decay into H+ He.
53. There are states in Li in the region studied,
2 3they can be formed from H+ He, but they have
small (or vanishing) widths for decay into
1 4 -LH+ He.
The contentions (1) and (2) are consistent with the
observed absence of anomalous energy dependence in
the elastic scattering cross sections; the reaction
excitation functions are consistent with (3) as well.
5 .We conclude that no states of Li exist 
between 23 and 34 MeV having appreciable reduced 
widths for decay into H+^He. The same may be 
true of the 1H+4He channel, but it is hazardous to 
make a definite statement due to the. lack of 
resonances in elastic scattering.
7 7
C. ANGULAR DISTRIBUTIONS
Complete angular distributions were taken 
2 3for both H+ He elastic scattering and the reaction
2 3 4 1 K( He, '‘He) H at bombarding energies of 18.7,
20.0, 21.26, 25.5, 35.0 and 44.1 MeV. In addition, 
elastic scattering angular distributions were taken 
at 31.0, 40.0, and 42.0 MeV bombarding energy. The 
angular distribution data for both elastic scatter­
ing and the reaction 2H(3He,4He)1H are tabulated 
in tables IV-7 to IV-15, which appear in Section F 
of this chapter. The angular distributions show 
a smooth variation of both shape and magnitude with 
energy. This can be seen in figures IV-3 and IV-4, 
which show the angular distributions obtained at 
25.5, 35, and 44.1 MeV for elastic scattering and 
the reaction *H ( He, He)^ "H respectively.
For the elastic scattering angular distribu­
tions shown in figure IV-3 the differeiitial cross 
sections fall off smoothly as the energy is increased, 
as is to be expected. The change in shape is quite 
remarkable as one goes from 25.5 to 44.1 MeV bombard­
ing energy. The foreward minimum at about 65° c.m. 
scattering angle becomes washed out as the bombarding 
energy is increased.
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Figure IV-3* Angular distributions of the 
differential cross section for elastic scattering of 
3He by 2U at 25.5, 35.0, and 44.1 MeV. Note the 
change in shape as the bombarding energy is 
increased. The solid lines are the result of 
fitting the data with a linear Legendre 
Polynomial series. Points measured by detect­
ing outgoing 3He are denoted by crosses, 
points measured by detecting recoil deuterons 
are denoted by circles. The probable error 
in absolute cross section is approximately 
the same size as the symbols used to denote the 
point; •.
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Figure IV-4. Angular distributions of the 
differential cross section for the reaction 
2H ( 3H e , 4H e ) 1 H at 25.5, 35.0, and 44.1 MeV. All 
points shown were measured by detecting out­
going protons. The values for the cross sec­
tion so obtained were checked by detecting 
outgoing 4He at angles out to 60° c.m. angle; 
the agreement obtained was quite good. The 
probable error in absolute cross section is 
2.5% or better in all cases, smaller than the 
circles used to represent the data points. The 
solid curve is the result of fitting the data 
with a linear Legendre polynomial series (see
text).
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This behavior is interesting because one
expects the diffraction pattern to move toward
smaller rather than larger angles as the energy
is increased. One also expects the envelope of
the angular distribution to fall off smoothly
with increasing scattering angle, and this is not
observed either: there is a very pronounced rise
in cross section at backward angles. The rise
in cross section at backward angles leads one to
think that a process like 2H(3He,2H)3He (in which the
3tdeuteron picks up a proton from the incident He) may 
be contributing strongly to the cross section.
This process is peaked at 180° and falls off as 
one goes toward foresard angles; it adds coherently 
to the ordinary elastic scattering. It appears 
that, while the form of the elastic angular distribu­
tion is quite simple the processes giving rise to it 
may be quite complex. When dealing with light 
nuclei processes like exchange elastic scattering, 
which one might be able to neglect for medium or 
heavy nuclei, can have quite important contributions 
. to the measured cross sections.
9 3 4 % 1The angular distributions for the H( He, He) H 
reaction shown in figure IV-4 are in some respects 
easier to understand. Out to the second minimum
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at 95°-lO0° we have a diffraction pattern which 
moves in toward lower scattering angles as the 
bombarding energy is increased. This is consistent 
With the behavior to be expected from stripping 
processes, as discussed in Chapter II. At backward 
angles, there is a relative maximum in the cross 
section at 180° c.m. angle. The minimum at 
145°-150° c.m. angle shows a slight tendency to 
move toward backward angles as the bombarding 
energy is increased, and becomes washed out as the 
bombarding energy is decreased. Perusal of the 
present data at energies below 25.5 MeV shows the 
rearward minimum to have disappeared by the time 
the bombarding energy becomes less than about 
21 MeV. The data of Stewart et al. (op. cit.) at 
bombarding energies below those of the present work 
show relatively featureless behavior beyond 100° c.m. 
angle, with only a gentle rise to the backward 
maximum at 180°.
Since the target nucleus and incident particle 
are about the same size (the incident 3He differs 
from the target deuteron in having an extra proton), 
we might expect pickup and stripping processes 
to occur with comparable probabilities. The 
behavior of the- angular distributions suggests that
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this may indeed be the case. In particular, the 
behavior beyond 110° c.m, angle xs suggestive of 
an intei'ference between pickup and stripping, with 
a change of relative phase and/or amplitude between 
the pickup and stripping amplitudes as the bombard­
ing energy is changed.
Attempts have been made ^  '' to explain the 
H(~He, He) H reaction within the framework of the 
Distorted Waves Born Approximation {DWBA). The 
results have been rather unsatisfactory. It has 
been found that, while the data may be fitted by a 
DWBA calculation, the optical potentials needed to 
generate the distorted wavefunctions for the calcula­
tion are not those which best fit the elastic 
scattering data. We shall content ourselves with 
simple parameterization of the data: a linear Legendre 
polynomial expansion. Some simple considerations of 
the reaction mechanisms giving rise to the angular 
distributions will be presented in the next section.
Recall from Chapter II that the angular dis­
tribution for a scattering process may always be 
written in the form
/r * r i
where the meaning of the various quantities appear­
ing above is explained in the discussion following 
equation II-6. We recall that the first term on 
the right in the above expression gives the Coulomb 
scattering, the second term the nuclear scattering, 
and the third term describes the Coulomb-nuclear 
interference. To simplify the above expression we 
neglect the Coulomb scattering and Coulomb-nuclear 
interference contributions to the cross section.
This is justified since the Coulomb field parameter 
is always small in the present work. Thus, Coulomb- 
nuclear interference and Coulomb scattering are both 
small, except at extreme foreward angles. Figure IV-5 
shows the differential cross section for elastic 
scattering at 25.5 MeV bombarding energy, together 
with the Coulomb scattering cross section for that 
energy. We see that the Coulomb cross section is 
over an order of magnitude smaller than the measured 
cross section at the lowest angle for which data 
were taken, so we neglect Coulomb effects in 
fitting the data with the expression given above.
The data were fitted with an expansion of the
form
ci O'3v-i,) 7^  = r; a., eccose)cJAl! , ■-
8 4
Figure IV-5. Center-of-mass angular distribution 
for d+3He elastic scattering. The solid curve 
is the Rutherford cross section in the center- 
of-mass coordinate system. Extrapolating the 
measured cross section by eye, one might expect 
Coulomb and nuclear scattering to have comparable 
amplitudes at about 10° c.m. scattering angle.
At 22° the ratio of nuclear to Rutherford cross 
section is about 20; beyond 22° the ratio ^/^j-uth 
is even less than 20.
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where P,. (cos 0 ) is a Legendre polynomial of order 1-1
L in cos© . Note that W l Y i s  just the total 
cross section. The coefficients with !~>o are related 
to the collision matrix in a rather complicated 
way: coefficients with even L contain inter- 
ference only between matrix elements of the same 
parity, and coefficients with odd I. contain inter­
ference between collision matrix elements of opposite 
parity. It was found that terms up to L=8 were 
required to fit the elastic scattering data at lower 
energies, and by the time 44.1 MeV was reached, 
terms with L-16 were required. A fit was defined 
by the condition
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where N is the number of degrees of freedom (number 
of data points less the number of parameters), 
is the i th data point y(x^) the calculated value 
of y . , and o"; the probable error associated with 
y^; the sum is over all i data points. For the 
reaction, terms up to L=8 were sufficient at all 
the energies studied. These results are of interest 
because they indicate the number of partial waves 
one would need to fit the data with phase shifts.
Thus, partial waves of angular momentum up to 
1=4 are needed to fit the elastic scattering at 
lower energies, while partial waves up to 1=4 are 
sufficient to fit the reaction data at all energies 
studied.
The coefficients (aT of equation IV-1) obtained
J j
from the elastic scattering data are given in 
Table IV-4 and plotted as a function of energy in 
Figures IV-6 and IV-7. Typical Legendre polynomial 
fits to the data are shown in figure IV-3. The 
variation of the elastic scattering coefficients 
with energy is generally smooth, and agreement with 
the coefficients calculated from the data of Brolley 
ot al. (op. cit.) is quite good. However, all the 
coefficients at 10.2 and 14 MeV c.m. energy seem some­
what high; in particular ao ,-which is proportional to 
the total cross section, is significantly high at both 
energies. Referring to the elastic scattering 
excitation functions shewn in figure IV-1 we 
see that this behavior is not generally reflected 
in the cross sections at the three angles studied. 
Further, more detailed, studies of elastic scattering 
in the vicinity of these two c.m. energies are 
necessary in order to resolve this dilemma. If one 
considers only the three highest c.m. energies, there
87
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TABLE IV-4
Energy 18.7MeV 2 OMeV 21.26MeV 2 5.5MeV
Ao 106.9*2.1 105.5*2 104.3*1.9 97.2*1.2
A1 146.6*5.3 152.7*4.8 161.6*4.7 166.4*3.3
A2 215.8*8.2 211.0*7.2 217.2*7.4 236.7*4.9
A 3 191.9*7.2 194.6*6.6 205.6*6.4 226.2*5.7
195.6*7.1 184.9*6.4 185.7*6.5 220.3*5.8
AS 22.8*7.1 23.9*3.8 33.3*3.7 80.5*4.9
A6 26.1*3.4 21.3*2.9 22.7*3.0 71.7*4.0
A 7 16.2*2.6
> 00 20.9*1.6
A9
A10
A11
A12 
X /N 0.62 0.76 0.31 1.20
© .mxn 37.9° 37.9° 37.9° 22.6°
emax 150° 150° 150° 170°
Coefficients for a linear Legendre polynomial expan­
sion of the elastic scattering angular distributions. 
Polynomials up to degree 6 were sufficient to fit the 
data at. 18.7, 20, and 21.26 MeV; polynomials up to 
degree 8 were needed to fit the data"at 25.5, 31, and 
40 MeV; polynomials up to degree 12 were used to 
fit the data at 35, 42, and 44.1 MeV. The angles 
emin anc  ^8max are the minimum and maximum angles in the c.m. system for which data were taken. In all 
cases, the Coulomb scattering cross section was 
subtracted before the fits were made. The units 
are mb/sr.
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TABLE IV-4 (continued)
Energy' 3lMeV 35MeV 4 OMeV 4 2Me V 44.IMeV
Ao 76.8*1.9 82.1*1.4 61.9*1.5 62.3*.9 65.3*1.0
A1 147.1*5.1 166.1*4.0 129.9*4.0 130.0*2.5 143.6*2.8
A2 187.7*7.7 226.6*6.4 168.3*6.2 181.1±3.9 201.3*4.4
A3 196.0*8.2 226.7*8.2 175.7*6.6 184.1*4.9 211.5±5.5
A4 161.4*8.4 201.8*9.4 146.7*6.7 174.4*5.5 200.0*6.3
A5 79.2*6.3 110.8*9.8 93.9*5.1 115.8*5.7 143.8x6.6
A6 48.2*5.0 79.1*9.7 56.4*4.0 94.7*5.7 111.6±6.5
A 7 14.7*2.6 23.7*8.8 23.8*2.0 46.3±5.2 59.3*5.8
A 8 8.0*1 .6 15.7*7.4 9.3*1.2 40.2*4.5 426 * 4.9
A9 -1.6*5. 5 13.9*3.4 15.2*3.6
A10 0.49*3.8 17.0*2.4 14.4*2.5
A11 -2.2*2.2 3.8*1.4 3.2*1.4
A12 -2.5*1.1 5.8*0. 7 4.4*0.7
% 2/n 0.75 1.61 0.43 8.12 1.44
G •m m 27.9° 22.6° 37.9° 17.6° 17.6°
A^max 149.9° 170° 149.8° 170° 170°
Figure IV-6. Coefficients of the linear Legendre 
polynomial expansion of elastic scattering 
angular distributions. Open circles are from 
the present work; squares are coefficients cal­
culated from the data of Brolley et al. (op. 
cit.). The error bars reflect the errors of the 
data in the following manner: variation of one 
coefficient through the range indicated by the 
error bars while holding all the other 
coefficients fixed, will increase the total 
X 2/(degree of freedom) by 1.
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Figure IV-7. Coefficients of the linear Legendre 
polynomial expansion of elastic scattering 
angular distributions. Open circles are from 
the present work; squares are coefficients cal­
culated from the data of Brolley et al. (op. 
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appears to be a smooth rise in all the coefficients 
as one goes from 16 to 17.6 MeV. This could indicate
5a broad state in Li, although the excitation 
functions have a smooth behavior in this energy 
region. Again, further study is indicated; in 
particular, angular distiibutions shoulci be taken 
at higher energies than were available for the 
present work.
The coefficients obtained from fitting the 
reaction angular distributions are given in 
Table IV-5, and are shown as a function of energy 
in figures IV-8 and IV-9. Coefficients calculated 
from the data of Stewart et al. (op. cit.) are 
shown in figures IV--9 and TV-10 for comparison. 
Agreement of the coefficients for L I 2 calculated 
from the work of Stewart et <al. with those of the 
present work at nearby energies is quite good. 
However, the coefficients for L=0 and L=1 exhibit 
poor agreement. The lack of agreement of the L=0 
and L=1 coefficients cannot be due to an error 
in the overall normalization of the cross sections: 
if the disagreement were due to an error in the 
relative normalization of the data, one would expect 
to find disagreement in all the coefficients.
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Figure IV-8, Coefficients of a Legendre polynomial
.
expansion of the differential cross section for 
2H(3He,4He)1H. The error bars are to be 
interpreted as follows: a change in any given 
parameter within the range of its error bars, 
and holding all other parameters fixed, will 
increase the total % 2/N by at most unity.
Where error bars are not shown they are of the 
same size, or smaller than, the circles used to 
denote the points. The c.m. energy scale has 
been corrected for energy loss of the incident 
beam to the center of the target. The circles 
are the present data and the squares were cal­
culated from the data of Stewart et al. (op. cit.).
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Figure IV-9. Coefficients of a Legendre polynomia 
expansion of the differential cross section for 
2H(3He,4He)1H. The error bars are to be 
interpreted as follows: a change in any given 
parameter within the range of its error bars, 
and holding all other parameters fixed, will 
increase the total % 2/N by at most unity.
Where error bars are not shown they are of the 
same size, or smaller than, the circles used to 
denote the points. The c.m. energy scale has 
been corrected for energy loss of the incident 
beam to the center of the target. The circles 
are the present data and the squares were cal­
culated from the data of Stewart et: al.
(op. cit.).
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Excluding aQ and a1, the energy variation of
the Legendre coefficients for the reaction data
is reasonably smooth between 7.3 and 17,6 MeV
c.m. energy. There is slight evidence of absorbcion
in a£ at about 7.5 MeV c.m. energy, but the data
are inadequate to make a definite statement. For
ao and particularly a^  the evidence for anomalous
energy dependence is somewhat better. Both a
and a^ show evidence for absorbtion at about 7.5
and 8.2 MeV c.m. energy. It is always hazardous
to compare data taken at different laboratories
under different circumstances. However, the fact
remains that the coefficients other than a and a,o 1
do agree with one another. Also, the data at 
8 MeV c.m. energy (20 MeV bombarding energy) were 
taken twice, several months apart, in order to 
check for possible systematic errors (such as 
beam misalignment). For the second cyclotron 
tuning the beam energy was brought to the same 
value as for the first run by requiring the same NMR 
frequency as for the first run. The two sets of data 
agreed with one another to within their statistical 
errors. One must therefore admit the possibility
that the behavior of aA and a, is significant.0 ±
Since no anomalous behavior is observed in the
excitation functions of the present work, the behavior
observed in a and a, would have to be due too 1
processes occurring in channels other than those 
studied here. It would be useful to have angular 
distributions taken in about 0.5 MeV steps between 
17 and 22.5 MeV in order to better determine the 
behavior of the Legendre coefficients between 6.8 
and 9 MeV c.m. energy, since it is possible that 
the behavior seen in figure I.V-9 arises by chance.
We now consider a partial-wave decomposition 
of the elastic scattering angular distributions.
For reasons previously discussed we neglect Coulomb 
effects. We also assume the potential describing 
elastic scattering is not spin-dependent. Then 
we may write the scattering amplitude in the form
ji
Note that the phase shift is complex, with a real 
part Sjf and an imaginary part describing absorb- 
tion into other exit channels. The amplitude was 
parameterized according to 
IY-z.j 4?(e) (zj-n)Cl- rA e*tf^  )f> (cose)
/
9 7
where ^  = e x is the absorption parameter which
describes the effect of other open exit channels.
The work of Watt and Leland^^, of Hardy et_ al. ^ ' ,
and of Plattner and Keller on the elastic
3scattering or deuterons from a polarized He
target indicates that the assumption of spin-
independence is only moderately good, at least
below 7 MeV c.m. energy.
The results of fitting the elastic angular
distributions with the cross section derived from
equation IV-2 are given in Table IV-6 and are shown
plotted as a function of energy in figures IV-10 and
IV-11. A nonlinear least-squares regression 
(11)technique was used to obtain the fits. From
the results of the linear Legendre polynomial fits 
it was expected that partial waves up to at least 
1=4 would be needed, so the fitting function was 
written to include partial waves up to 1=7 in order 
to be safe. A relatively large number of sets of 
starting parameters were tried, however only the 
parameters given in Table IV-6 produced fits having 
p•a %'/(degree of freedom) on the order of unity.
It is not claimed that the parameters given in 
Table IV-6 are unique, but it is felt that they 
represent the only smoothly varying parameter set
08
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TABLE IV-6
ELab
(MeV) 18.7 20 21.26 25.5
s* -3 .0* . 326 -3.29* . 1 1 1 -3.06* .31 -2 .67* .25
8 , -1.15* .113 -1 . 0 2 * .093 -1.25* . 1 0 - .965* .495
K 1 .,16*. 066 1 . 24* . 054 1 .19* . 047 1 ,.69*.809
0 ,.196* .133 0 ,.137* .046 0 .231* .104 0 ,.356* .113
S4 0 ,.232* .080 0 . 181* .032 0 .237* .065 0 .. 424±.197
Ss 0 . 075* . 0 0 1 0 ..086* . 0 0 1 . 090*. 0 0 1 0 ..126*.09
Si. 0 ,.068* . 0 0 1 0 .,068 ±. 0 0 1 . 068*. 0 0 1 0 .,067*.004
0 ,.042* . 0 0 1 0 ..042* . 0 0 1 • 042* . 0 0 1 0 ..043*.003
% 0 ,.927* .079 .95* .161 0 .721* .080 0 . 869* .18
r, 0 ..764* . 251 0 ,.839* .077 0 . 796* .183 1 ,. 0 * .48
0 ,.726* .207 0 ,.653* . 1 0 2 0 .855* .158 0 .
COo-HV000
% 0 ,. 778* .090 0 .. 846* .034 0 . 804* .088 0 ,. 65* .5
0 . 958* .026 0 .,903* . 023 0 .934* . 0 2 0 0 .,76* .48
0 . 95* . 003 0 ., 962* .003 0 .965* . 0 0 2 1 ., 0 * . 0 0 8
0 .,965* . 0 0 2 0 .,965* .003 0 .964* . 0 0 2 0 .,963*.008
r-, 1. 01 . 003 1.0*.003 1.0*. 002 1.0*.009
% 2/N 0.34 0.29 0.15 3.57
Parameters for a partial-wave analysis of the 
elastic scattering.. Error bars are to be 
interpreted in the manner explained in the 
discussion of the Legendre polynomial fits. 
The units of are radians.
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TABLE IV-6 (continued)
Er .Lao
(MeV)_________31_____ ______.35 ______________40_______
-2 . 87 *.0 8 -3.08*.14 -2.69*.19
8, -1.61 *.1 -1.13*.14 -1.74*.34
3* 1.09*.06 1.53*.22 1.0*.19
S3 0.399*.014 0.314*.05 0.475*.027
0.289*.Oil 0.332*.04 0.326*.034
Ss 0.084*.02 0.077*.03 0.074*.03
St 0.066*.01 0.066*.01 0.051*.Oil
0.043*.01 0.043*.01 0.03*.01
% 0 .686* .036  0 .656* . 09  0 .725* .312
T; 0 .879* .047  0 . 936* . 08  0.907* .245
0 . 95 * . 1 0 . 622* .03  1 . 0 * .  383
% 0 .834* .065  0 . 565* .11  0 .939* .279
'Hi 0 .9 5* .03  0 .758* . 09  0 .983* .  138
'is 0 . 98* .08  1 . 0 * .  02 0 .9 5 * .2
\ 0 .9 6 * .0 5  0 . 964* .03  0 .95* .02
It, 1 . 0  * .008 1 . 0  *.016 1 . 0 *. 0 2
1. 27 1.84 6.0
3:01
TABLE IV-6 (continued)
e t .Lab
(MeV) 42 44.1
So -3 .41* .12 -3.78* .024
-0 .81* .21 -1.13* .097
8 , 2 . 01* .34 1 .64* .132
0 .091* .37 0 .002* .089
0 .178* .17 -.066* .050
0 .086* .012 0 .009* .002
- . 0 1 2 ± . 0 1 1 - .092* .002
*1 0 .058* .009 0 0 2 ±. 0 0 1
V10 1 .0 * . 5 4 1 .0 * .268/V
1 1.0±.34 0 .933* .126
% 0 .649* .25 0 .602* .024
’3 0 .467* .09 0 .603* .024
% 0 .473* .13 0 .666* .017
'N
5 0 .936* .067 0 .985* .003
0 .919* .016 0 .962* .003
% 0.979* .014 0 .983* .003
% 2/n 6 . 2 1.05
i
Figure IV-10. The real part of the phase shifts for
elastic scattering. The error bars are to be
interpreted as follows: a change in a given
parameter by the amount of its error bars,
holding all other parameters fixed, will
2increase the total % /(degree of freedom) by 
unity. The phase shifts are given in radians: 
to convert to degrees, multiply by 57.296.
Where error bars are not shown, the error bars 
are of about the same size as the circles used 
to denote the points.
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Figure IV-li. Absorption parameters for elastic 
scattering. The absorption parameters are 
related to the imaginary part, 6^ , of the 
phase shifts by
-Z' he
r, - eJi
Error bars are to be interpreted as follows, 
a-change in a given parameter by the amount of 
its error bars, holding all other parameters 
fixed, will increase the total % 2/(degree of 
freedom) by unity. The parametero ana.
r-j are not plotted, as their behavior and 
magnitude are similar to 'T^-.
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that can be found with the expenditure of a 
reasonable amount of computing time. All other 
parameter sets tried converged to fits which 
were much poorer (with a % ' / (degree of freedom) 
of 20 or more), and were highly discontinuous 
functions of energy.
Both, the real and imaginary parts of the 
phase shifts exhibit a smooth variation with 
energy, as shown in figures IV--11 and IV-12.
Note that Sa passes through 1.57 radians (90°) 
as the energy increases. Normally, this is taken 
to be evidence for the existence of a resonance. 
Unfortunately this interpretation is not possible 
in the present case due to the simplifying assump­
tions made in arriving at the phase shifts. The 
total reaction cross section is related to the 
absorption parameters, 'V# , by
O' -- Tr X z £ (z£+1X i - 'K4 ) x
At 20 MeV bombarding energy this gives a total 
reaction cross section of about 670 mb., as 
compared to a cross section for H( He, He) H of on
about 44 mb. This implies the reaction
2 3 4 , 1H ( He, He) K contributes relatively little to
the total reaction cross section,
D. SIMPLE DIRECT-REACTION MECHANISMS
We now consider the application of the 
simple direct-reaction models discussed in 
Chapter II. Since both are plane-wave theories, 
we do not expect the results to agree with 
experiment beyond low c.m. angles.
A computer program was written to calculate 
differential cross-sections for 2H(3He,4He) using 
the expression given in section C of Chapter II, 
omitting all constant factors:
"3 r + K.* []( I + KR ^ jo ^ — k: j ,
where K = 0.547 fm-1 and R is in fm. We shall 
refer to eq. IV-3 as the "Butler" cross section. 
Agreement between the Butler cross section and exper­
iment is considered satisfactory when the Butler 
cross section reproduces the first maximum and 
the position (but not magnitude) of the second 
maximum of the angular d i s t r i b u t i o n . A  typical 
fit to the data is shown in figure IV-12. There 
is a moderate variation with energy of the radius 
parameter: R is 3.7 fm at 20 MeV, 3.3 fm at 
35 MeV and 2.9 fm at 44.1 MeV. This decrease 
of R with energy has been previously observed 
(ref. 12 op. cit.).
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Figure IV-12. Angular distribution for 
2H(3He,4He)1H at 35 MeV bombarding energy 
compared to the prediction of the Butler 
stripping theory. The solid curve was 
computed from equation IV-1 with radius 
parameter R=3.3 fm. The circles represent the 
measured cross-sections. Similar fits were 
obtained for angular distributions taken at 
other energies (see text).

We consider next the results of the diffrac­
tion theory of scattering and reactions, discussed 
in section D of Chapter II. The elastic scattering 
cross section was there found to be of the form 
(omitting constant factors):
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A typical angular distribution calculated 
from equation IV-4 is compared with the experimental 
result in figure IV--13. Similar fits were obtained 
for the other elastic angular distributions. As 
in the case of the Butler stripping theory, the 
radius parameter required to reproduce the shape of 
the angular distribution at low angles was found 
to decrease with increasing bombarding energy. R 
varies from 3.65 fm. at 20 MeV to 2.7 fm. at 
35 MeV, and is 2.4 fra. at 4 4.1 MeV. Since the 
shape of the foreward peak does not change 
significantly with energy, it is felt that the change 
in R is probably an artifact of the fitting func­
tion, Equation IV-2 reproduces the shape of the 
foreward peak quite well, and gives the position 
of the foreward minimum and central maximum 
moderately well. It is not to be expected that the 
shape of the angular distribution will be reproduced
Figure IV*”1-3* The results of a diffraction 
theory calculation compared with the measured 
cross sections at a 'He bombarding enexgy of 
35 MeV. The theory was normalized to the data 
at 20° c.m. angle. It is apparent that the fit 
to the data could be improved by normalizing 
the theoretical cross sections to the data 
at some larger angle, say 30°. This would 
result in even larger theoretical cross sections 
near the central maximum at 100° c.m. angle.
The agreement in shape between the theoretical 
and the measured cross sections is satisfactory.
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beyond foreward angles, as only the absorptive
effect of the nuclear potential has been taken into
account in arriving at equation JV-4.
Finally, we consider the application of the
0 3  i idiffraction theory to the H( He^He) H reaction.
As mentioned in section C of the present chapter, 
we expect both stripping and pickup to contribute 
to the scattering amplitude. Using the result 
derived in section D of Chapter II we write the 
scattering amplitude as (ommitting constant 
factors)
ST-G.) { ' ( e ) -  ('.4- ~  A e ‘ *(i + cos©')
The angles © and o' are the c.m. angles of the 
4 . 1outgoing He and outgoing H, respectively, and 
are related by 0'=Tr~© ; q and q* are the 
corresponding momentum transfers. The factor e 1^  
is the relative phase between the pickup and 
stripping amplitudes; A is always less than unity.
A computer program was written to calculate 
angular distributions from equation IV-3. A 
typical result is shown in figure IV-14, Only 
a weak dependence on the phase angle, , was 
found. This is due to the fact that either the
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Figure IV-14. Comparison of the angular 
distribution for the reaction H( He, He) H, 
measured at 35 MeV laboratory bombarding 
energy, with the prediction of the diffraction 
theory for nuclear reactions (see text). The 
measured cross sections are denoteo. by circles, 
and the solid curve is the theoretical predic­
tion. Due to the plane-wave approximation used, 
the theoretical curve is only expected to 
agree with the measured cross sections at 
foreward angles. It is perhaps surprising 
that the shfipe agrees so well over the entire 
angular range from 0° to 180°. The theoretical 
cross section was normalized to the data at 5°.
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stripping or the pickup amplitude, or both, is
small in the regions in which they interfere, so
that one or the other amplitude determines the
cross section. Furthermore, due to the use of
plane waves in tha calculation, the theoretical
cross section is only expected to agree with
experiment at low angles (i.e. at the foreward
and backward maxima for pickup and stripping,
respectively). The phase angle was therefore
held fixed at $ = 90°, and only R and A were
varied. A slight variation of R with energy was
found: R was 4.1 fm at 2 0 MeV, 3.8 fm at
25.5 MeV, and was 3.6 fm at both 35 and 4 4.1 MeV.
All the backward peaks were reproduced with a
value for A of about 0.5. It should be noted
that the inclusion of an amplitude for stripping
3from the incident He, while it gives a peak at 
180°, does not reproduce the shape of the measured 
angular distribution at large angles very well.
Both the Butler stripping theory and the 
diffraction theory>of nuclear reactions are 
primarily used as spectroscopic tools. The 
shape of the theoretical angular distribution at 
foreward angles is strongly dependent upon the 
angular momentum transfer involved in the reaction
Ill
and thus helps to determine the spin of the state 
into which the transferred particle is captured.
We use these simple direct-reaction models here to 
suggest that compound-nucleus effects, due to the 
formation of moderately long-lived states of 5Li, 
are not apparent in the measured angular distribu­
tions of the present work. The absence of symmetry 
of the angular distributions about 90° is also 
suggestive of the fact that compound-nucleus effects 
are not present, although this is not always a 
reliable criterion to use.
E. SUGGESTIONS FOR FURTHER STUDY
No evidence for virtual states of 5Li having 
appreciable widths for decay into 2H+3He was seen 
in the present work; in particular broad states at 
25 and 34 MeV excitation, tentatively identified 
from Li(p,t)5Li data by McGrath et aJL. (op. cit.), 
were not seen. It might be fruitful, to extend the 
excitation function data to finer steps in energy, 
however, as the energy steps taken in the present 
work were somewhat coarse in some regions. This 
would require a moderate amount of time if the 
beam-energy degrader were used. It would also be 
useful to have data at higher energies than those 
used for the present work.
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Secondly, more elastic scattering angular 
distribution data, could be taken, in order to study 
more closely the behavior of the Legendre coeffi­
cients. In particular, the regions around 10 and 
14 MeV c.m. energy should receive more attention, 
as the present data are not adequate to determine 
whether or not the observed behavior near these
energies is spurious. More angular distributions
2 3 4 1for the H ( He, He) H reaction could be taken
between 6 and 9 MeV c.m. energy in order to 
determine whether or not the observed behavior of 
the first two Legendre coefficients is real. This 
behavior, we recall, rests primarily on a comparison 
of the present data with data taken elsewhere, 
cind is not very pronounced.
Finally, it would be interesting to see how 
the shape of the elastic scattering angular distribu-
Otxon changes at energies above 4 4 MeV He bom­
barding energy. The central maximum of the angu­
lar distribution becomes less and less pronounced 
(Figure IV-3) as the bombarding energy is increased, 
and it would be interesting to see if it disappears 
entirely at higher bombarding energies.
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F. TABLES OF ANGULAR DISTRIBUTIONS
The following tables comprise the angular 
distributions measured in the present work. The 
probable errors are those of Table IV-1. The 
energies are the energies of the incident '"’He 
in the laboratory. The following two notations 
have been used to simplify the tables:
1. For the elastic scattering cross sections, 
an asterisk (*) on the laboratory angle 
signifies that the cross section was measured
3by detecting He; unmarked laboratory angles 
signify deuterons detected.
2. For the H(^He,^He)^H reaction cross sec­
tions, an asterisk (*) on the laboratory
angle signifies that the cross section was
’ /measured by detecting He; unmarked 
laboratory angles signify protons detected.
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18.7 MeV
2H4•3He Elastic ... 2 3 4 H ( He, He) H
© © do'/d£L0.m 0 0 dcvUac.Lab c .m. Lab c .m.
(deg.) (deg.) (mb./sr.) (deg.) (deg.) (mb. /sr
15°* 37. 86 256. 165 10.09 13.2
17° * 43.03 175 160 13.5 11.3
19°* 48.24 102 155 16.95 9.44
21°* 53.53 55.1 150 20.46 7.60
23°* 58.89 27.7 145 24.04 5,68
25°* 64.34 17.9 140 27.69 4.16
57° 65.88 16.1 135 31.43 3.19
55° 69. 87 20.4 130 35.27 2.50
53° 73.87 27.5 125 39.22 2. 39
51° 77.87 37.2 120 43.28 2.55
49° 81. 87 45.7 115 4 7.47 3.15
47° 85. 87 57.0 110 51. 79 3.85
45° 89.87 65.2 105 56.26 4.34
43° 93.87 70.2 100 60.87 4.7141° 97.87 73.8 95 65.62 4.79
39° 101.87 72.4 90 70.54 4.53
37° 105.87 68.9 80 SO. 32 3.27
35° 109.87 62.6 70 91.71 1.9733° 113.88 53.8 65 97.37 1.62
31° 117.88 45. 2 60 103.16 1.54
29° 121.89 35.3 55 109.09 1.70
27° 125.89 26.9 50 115.14 2.02
25° 129.9 20.3 45 121.30 2.45
23° 133.9 16.9 40 127.56 2. 79
21 137.91 17.3 35 133.91 3.03
19° 141.92 . ,22.8 30 140.35 3.16
17° 145.93 35.2 25 146.85 3.51
15° 149.93 54.9 20 153.41 3.84
15 160.03 4. 36
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^H+^He Elastic______________(^He, ^ He) ________
®Lab c^.rn. c!oVdiQ'C,.m. ®Lab @c.m. do-'/dO'c. 
(de gi.)___(deg.) (mb./sr.)___ (dec.) (deg.) (mb./sr.
TABLE 8
20 MeV
15°* 37. 8 6
17°* 43.03
19°* 48.25
2 1 ° * 53.53
23°* 58. 89
25°* 64.35
55°* 69.86
27°* 69.92
50° 79.86
45° 89. 85
43° 93.85
41° 97.86
40° 99.86
39° 1 0 1 . 8 6
37° 105.86
35° 109.86
33° 113.8 7
31° 117.87
29° 1 2 1 . 8 8
27° 125.88
25° 129.89
23° 133.89
2 1 ° 137.90
19° 141.91
17° 145.92
15° 149.93
254 . 165°
184 160°
10 9 155°
59.9 150°
30. 8 145°
19.5 140°
2 1 . 0 130°
2 1 . 0 125°
42. 3 1 2 0 °
64. 2 1 .1 0 °
69.3 1 0 0 °
70.2 95°
70.5 90°
70.4 80°
6 6 . 2 70°
60.2 65°
53.5 60°
44.0 55°
34. 8 50°
26.9 45°
20 . 3 41°
16 .3 39°
15.6 37°
2 0 . 0 35°
31.1 33°
44.2 31°
29°
27°
25°
23°
2 1 °
19°
I ?  o
15°
9.97 14.46
13. 33 12.4
16.74 1 0 . 2
2 0 . 2 1 7.95
23.74 5.99
27.35 4. 32
34. 8 6 2.51
38. 78 2.33
42.81 2.69
51.28 3. 99
60.32 5.03
65.07 5.03
69.98 4.86
80.27 3.43
91.19 1.94
96.87 1. 50
102.69 1.48
108.64 1 . 6  8
114,72 2 . 1 0
120.91 2.45
125.94 2.78
128.48 2.85
131.04 2.95
133.61 3.03
136.19 3.01
138.78 3.10
141.39 3.18
144.00 3.21
146.6 3 3. 29
149.27 3.48
151.91 3.61
154,57 3.78
157.23 4.0 4
159.90 4.17
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TABLE 9
21.26 MeV
H+3He Elastic 2 ,3 4„ .1„ H ( He, He) H
®Lab ®c.m. do-/ dX^c.vvi. ®Lab ®c.m. olo'/d^c.m- 
(deg .) (deg.) (mb. /sr.)_ (deg.)_(deg.)__(mb./sr.) _
15°* 37.87 266 • 165° 9. 86 13.5
17°* 43.04 178 150° 19. 99 7.55
19°* 48.26 108 140° 27.08 3.94
21 ° * 53.54 58.4 130° 34.53 2.20
23°* 58.90 29.1 125° 38.42 2.17
25°* 64.35 18.4
57° 65.86 17.3
55° 69.85 19. 4
27°* 69. 93 19.8
53° 73. 85 25.5
50° 79.85 39.1
47° 85. 85 52.3
45° 89. 85 59.3
42° 95. 85 64.4
40° 99.85 65.1
38° 103.85 63.5
35° 109.85 56.2
33° 113.86 49.1
31° 117.86 41.1
29° 121.87 33.5
27° 125.87 25.3
25° 129.88 19.3
23° 133.89 15.1
21° 137.90 14. 3
19° 141.90 17.5
17° 145.91 26.2
15° 149.92 40.2
120° 42.43 2.44
110° 50. 86 3.73
100° 59.88 4. 79
95° 64.62 4.83
80c 79.82 3.26
70° 90.76 1.80
65° 96.45 1.42
60° 102.29 1.35
57° 105.86 1.45
55° 108.27 1.58
50° 114.37 2.00
45° 120.59 2. 38
40° 126.92
37° 130.77 2. 82
35° 133.35 2. 86
33° 135.94 2. 86
31° 138.55 2. 91
29° 141.17 2.91
27° 143.80 2,91
25° 146.44 2.99
23° 149.09 3.12
21° 151.75 3.27
19° 154.42 3.44
17° 157.10 3.62
15° 159.78 3.90
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25.5 MeV
TABLE 10
____ 2H+_3He__Elastic_____________2K (3He,4He) 1H________
®Lab c^.ra. doVd'flc..m . ®Lab ^c.m. doJ/cJ•SX-c,m , 
(deg.) (deg.)_(rnb./sr.) (deg.) (deg.) (mb./sr.)
170° 6. 34 13.9
16 5° 9.52 13.190* 22.60 687 160° 12.75 11.2
11°* 27.66 471 155° 16.02 9.01
13°* 32.75 344 150° 19.35 6.91
15 °* 37.88 234 145° 22.75 5.02
17°* 43.05 136 140° 26.24 3.44
1.9 0 * 48.27 82. 2 135° 29.83 2.36
21°* 53.55 44.3 130° 33.52 1.72
23° * 58.92 23. 6 15 0 * 36.99 1.68
00° 59.84 22.0 125° 37. 33 1.67
25°* 64.37 15.9 120° 41.28 1.99
2.6°* 67.14 14.4 17 °* 42. 04 2.01
55° 69.83 17.4 115° 45.36 2.63
27 0 * 69.95 17.4 19 0 * 47.13 2.82
29°* 75.67 23.2 110° 49.60 3.42
31 °* 81.59 32.9 105° 53.99 4.02
48° 83. 82 36.4 10 0° 58.54 4.53
46° 87. 81 41.9 95° 63.27 4.66
44° 91. 81 45.7 90° 68.17 4.41
42.° 95.82 47. 9 85° 73.24 3.77
40° 99.82 48.8 29° 73.60 3.65
37° 105.82 45.4 80° 78.48 3.00
35° 109.83 42.5 3io* 79.23 2.85
33° 113.83 38.0 75° 83.90 2.13
31° 117.84 •■ .33,8 70° 89.48 1.4629 0 121.84 28.0 65° 95.22 1.0 7
27° 125.85 32.2 60° 101.12 1.04
25° 129.86 18.0 57.5? 104.12 1.17
23° 133.87 13.9 52.5° 110.24 1.50
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TABLE 10 (continued)
^H+^He Elastic (^ He, *He)"“H
'0Lab 6c.m. do'/difl/c.m. . ®Lab ®c.m. do-/cKCL^ .m. 
(deg.) (deg.) (mb ./sr.)___ (deg.) (deg.) (mb./sr.)
21° 137.88 11.0 47.5° 116.48 2.01
19° 141.89 10.9 45° 119.64 2.15
17° 145.90 14.4 42.5° 122.84 2. 33
15° 149.91 21.9 40° 126.06 2.40
13° 153.92 36.1 38° 128.66 2.34
11° 157.93 58.2 36° 131.27 2.32
9° 161.94 85. 3 34° 133.89 2. 25
7° 165.96 106 32° 136.53 2.19
5° 169.97 137 30° 139.19 2.10
28° 141.85 2.09
26° 144.53 2.03
24° 147.22 2.05
22° 149.92 2.14
20° 152.63 2.21
18° 155.34 2.46
16° 158.07 2.72
15° 159.43 3.13
13° 162.16 3.36
11° 164.90 3.55
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TABLE 11
31 I4eV
____ 2H+3He Elastic________
^Lab ®c.m. dO'/c>vQ/c„m  
(deg .) _(deg.)_(mb./sr.)_
15°* 37.90 188
17 ° * 43.07 12019 o * 48.29 66.9
210 * 53.58 37.4
63° 53.82 37. 2
61° 57. 81 25.0
23°* 58.94 21.9
59° 61. 80 17. 8
57° 65. 79 16.1
55° 69.79 16.6
53° 73.78 18. 8
51° 77.78 21. 5
49° 81. 78 25.0
47° 85.77 28.1
45° 89.77 30.5
43° 93.77 32.0
41° 97.78 33.1
40° 99.78 33.5
39° 101.78 32.9
37° 105.78 32. 3
35° 109.79 29.8
33° 113.79 28.0
31° 117.80 25.0
29° 121.81 22.0
27° 125.82 18.8
25° 129.83 15.6
23° 133.84 13.1
21° 137,85 10.4
19° 141.86 8. 30
17° 145.87 8.64
15° 149.89 9.80
TABLE 12
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35 MeV
9H+3He Elastic 2H(3He,4He)1H
®Lab 
(deg.)
0 m c .m.
(deg.)
do' I
(mb. /sr. )
0Lab 
(deg.
*^ c. m .
) (deg.)
dcr/ckO, 
(mb./sr
170° 5.95 14.2
.1.60° 11.99 11.0go* 22.61 630 150° 18.24 6.9411°* 27.68 456 140° 24.80 3.2213°* 32. 78 305 130° 31. 78 1.56
15°* 37.91 189 125° 35.46 1.3815°* 37. 91 190 120° 39.28 1.5817°* 43. 08 110 115° 4 3.26 2.0819 0 * 48.30 62.2 110° 47.40 2. 8221°* 53.59 34.9 105 51. 72 3.36
23°* 58.96 19.9 100° 56.22 3.7625°* 64.41 15.8 95° 60. 90 3.9055° 69.76 16.4 90° 65. 79 3.7427°* 69.99 16.3 85° 70. 86 3.1729°* 75.72 18.2 80° 76.13 2.48
50° 79.75 20.1 15° 81.59 1.7231°* 81.63 20.9 70° 87.24 1.0833° 87. 81 23.6 65° 93.06 0.7640° 99.75 25.7 60° 99.06 0.6937° 105.75 25.4 55° 105.22 0. 99
35° 109.76 24.5 48° 114.09 1.6633° 113.77 23. 4 44° 119.28 1.9631° 117.77 21.4 40° 124.55 2.1329° 121.78 19.2 36° 129.89 2.0027° 125.79 16.5 32° 135.30 1.71
950 129.80 14.7 28° 140.76 1.3823° 133.82 12.9 24° 146.27 1.1721° 137.83 10.1 20° 151,83 1.1919° 141.84 8.19 20° 151.83 1.2117° 14 5.86 7.53 18° 154.62 1. 3 3
15° 149.87 9.8 16° 157.42 1.5815° 149.87 9.7 15° 158 . 83 1.7113° 15 3.89 15.6 14° 160.23 1.8711° 157* 91■ 24.6 12 0 16 3.05 2.259° 161.92 40.3 11° 164.46 2 e 5 2
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TABLE 12 (continued)
H+ He Elastic 2H(3He,4He) 1H
^Lab ^c.m, dc/(j£ic,,n 0T , 0 Lab c .m . dcr/ d£hc,m.
(deg.) (deg.) (mb./sr.) (deg.) (deg. ) (mb./sr.)
10° 165.87 2.54
8° 168.69 3.00
7° 170.10 3.18
6° 171.52 3.31
5° 172.9 3 3. 40
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TABLE 13
4 0 MeV
H+3He Elastic 2 3 4 1 H( He, He) H
®Lab 6c . in. c*oJ/cJlQ,c ^  
(deg.) (deg.) (mb./sr.)
0Lab ec.m. ^D'/C)at.m . 
(deg.) (deg.) (mb./sr.)
15°* 37.92 146 140° 24.21 3.0117 ° * 43.10 83.9 135° 27.58 2.0019°* 48. 32 46.4 130° 31.06 1.44
21° * 53.61 28.0 125° 34.68 1.34
61° 57. 75 20.5 120° 38.45 1.54
59° 61.74 17.2 105° 50.77 2.97
57° 65.73 15.6 100° 55.25 3.26
55° 69 . 73 15.2 S5° 59.92 3.33
53° 73.72 15. 2 90° 64.79 3.12
50° 79. 71 16.0 75° 80.63 1.42
47° 85.71 17.4 70° 86.30 0.880
45° 89.71 17.8 65° 92.16 0.534
43° 9 3.71 18.2 60° 98.20 0.500
41° 97. 71 18.4
40° 99.71 18.2
39° 101.72 18.4
37° 105,72 17.7
35° 109.73 17.1
33° 113.73 36.1
31° 117.74 15.0
29° 121.75 13.8
27° 125.76 12. 7
25° 129.78 11.5
23° 133.79 10.8
21° 137.81 9.71
19° 141.82 8.45
17° 145.84 7.69
15° 149,85 7.55
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TABLE 14
42 MeV
2h+ 3He Elastic 2H-t3•'He Elastic
0Lab 0c .m. do'/d£ie,.m . 0 T . IjciId d c . m . dcr/c/ifl.
(deg.) (deg.) (mb. /sr.) (deg.) (deg.) (mb./sr
27° 125.75 11.9
Y  o * 17.58 637 25° 129.77 10.990* 22.63 475 23° 133.78 10.2
11°* 27.70 334 21° 137.80 9.43I30* 32. 80 212 19° 141.81 8.16
1.5°* 37.93 12 4 17° 145.83 7.21
17°* 43.10 75.7 15° 149.85 6.72
19 0 * 48. 33 42.0 13° 153.87 8.04
21°* 53.62 25.6 11° 157.89 12.7
23°* 58.99 18.4 90 161.91 21.3
25°* 64.43 14.9 7° 165.93 35.5
55° 69.71 14.4 5° 169 .95 49.3
27°* 70.02 14.1
53° 73. 71 14.4
29°* 75.75 14.5
51° 77.70 14.5
49° 81. 70 14.7
47° 85.69 .15.2
33°* 87.85 15.3
45° 89.69 15.3
43° 93.69 15.8
35°* 94.40 15.8
41° 97.70 16 .0
40° 99.70 16.2
39° 101.70 16.0
37° 105.71 15. 7
35° 109.71 15.1
33° 113.72 14.6
31° 117.73 13.5
29° 121.74 12.7
TABLE 15
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44.1 MeV
H+3He Elastic
~ Lab 
(deg.)
®c ,m. 
(deg.)
(3 c/0 Cl/ ^ , fin. 
(mb./sr.)
y o * 17.58 737go* 22.63 530
11° 27. 70 342
13° 32.80 216
15°* 37.93 124I? o* 4 3.11 66.0
19°* 48. 34 36.6
65° 49.75 30.2
21°* 53.63 21.6
23°* 58.99 16.3
60° 59.72 15.6
25°* 64.45 13.8
55° 69. 70 13.5
27°* 70.03 14.0
29 0 * 75.76 13.1
50° 79.68 13.2
48° 83.68 13.4
33°* 87.86 13.6
45° 89.68 13.6
43° 93.68 14.1
40° 99.68 14.0
39° 101.69 14.2
37° 105.69 14.1
35° 109.70 13.4
33° 113.71 13.0
31° 117.72 12.4
29° 121.73 11.6
27° 125.74 11.0
25c 129.75 10.2
23° 133.77 9.70
21° 137.79 8.82
19° 141.80 8.1517 ° 145.82 7.47
15° 149.84 6.86
2 'i 4 ]___ H( He, He) H________
®Lab ®c.m. doJ/didc.vn. 
(deg.) (deg.) (mb./sr.)
160° 11.47 9.83
155° 14.43 7. 84
150° 17.46 6.11
145° 20.58 4. 30
140° 23.78 2.95
.135° 27.10 1.9 8
130° 30.55 1.45
125° 34.13 1.33
120° 37.86 1.52
115° 41.76 1.96
11.0° 45.83 2.45
105° 50.09 2.74
100° 54.55 2.98
95° 59.21 3.13
90° 64.07 2.94
85° 69.15 2.52
80° 74.44 1.94
75° 79.9 3 1.41
70° 85.62 0. 83
65° 91.51 0.484
60° 97.58 0.417
55° 103.83 0.. 459
50° 110.2 3 0.99
45° 116.78 1. 33
40° 12.3.47 1.43
35° 130.27 1.24
30° 137.18 0.96
25° 144.18 0.62
20° 151.26 0.54
19° 152.6 8 0.58
17° 155.53 0.79
15° 158.39 1.00
13° 161.26 1.33
11° 164.14 1.61
9° 16 7.01 1. 87
TABLE 15 (continued)
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2H+3He Elastic______________ 2j\ (3He, 4He) 1H
0 Lab ec.m. doYdO/c.m. . ®Lab(deg . ) (deg.) (mb. /sr.) (deg
13° 153.86 6 .88 7°11° 157.88 11.0 5°9° 161.90 19.37° 165.92 31.45° 169,94 42.3
c.m. dor / d O c,CT
16 9.9 2.30 
172.78 2.42
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APPENDIX
APPENDIX I
CROSS SECTION FORMULA
The cross section formula appropriate for 
gas targets differs from that familiar to most 
workers in Nuclear Physics, so a simplified 
derivation is given below in order to acquaint the 
reader with the salient points in the derivation.
The correct expression is given at the end of this 
appendix. The geometry of the problem is shown in 
figure AI-1.
The telescope "sees" particles scattered 
from the line (x^,x2). Consider an infinitesimal 
line segment dx, located at a point x between 
x^ and X2. Assume the differential cross section 
is constant between 0 ■» and Q-(po (i.e. over the 
range of scattering angles seen by the detector), 
and that the incident beam is of infinitesimal 
radial extent. Latxfi-(x) (heavy lines in figure AI-1) 
be the solid angle subtended at x; let S~x sine be 
the projection of the beam line onto the plane 
normal to the telescope centerline. Assume «fl(s) 
is as shown in figure AI-2 on the following page.
Figure AI-1. Gas target geometry. The detector 
views particles coming from the line segment 
(x^,x,,), with scattering angles from 0 + cp0 to 
0-y . The angle subtended at x by the detector 
is outlined in heavy lines. The projection of 
(x1,x2) is (-s^s^. The rear slit defines the 
solid angle, and is of height H and width V (or 
of diameter d). The front slit defines the 
acceptance angle, and is of width W.
135
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S
figure, ai~£.
£Lq is the solid angle subtended by the detector 
at the point where its centerline intersects the. 
beam. The number of scattered particles from x 
reaching the detector when N particles are incident 
is given by
The total number of particles detected is then
where the cross section is explicitly assumed 
constant over the interval of integration, and 
we have transformed to the projection of Cl on the 
plane normal to the telescope centerline. The 
integral is easily evaluated, assuming a form for 
iCh (s) like that shown in fig. AI-2:
From figure AI-1 we see that s^=^-(W+ (W-V) (R-L)/L) 
and s2=|(W+(W+V)(R-L)/L); thus s-j+s^WR/L. Since 
\0/o is simply VH/R2, we have
at„i > r n ' . do* nce)RLs'meAT I-) ja tod* = RLVm0 «uid  ^7"wvT
In arriving at equation AI-1, the following assump­
tions have been made:
1. The beam is of negligible radial extent 
(line source),
2. The telescope acceptance aperture ( g? ) is 
small.
3. The cross section varies sufficiently slowly 
between Oi<po and ©-y that it may be replaced 
by its value at Q,
The correct expression for the cross section, 
including finite beam size and finite detector 
acceptance angle, has been derived by Allison^.
The number of counts, n, in the detector when N 
beam particles are incident is given by
A T  I •» . Wpcr" rr . v v n z- v*coi*Gn
" " RLsinQ '' \J "**  ^ <S~LZ ^ + -S
. &\ +/,r JiL -5—  v* - cr", W z+Vl\7 + &  co- eL jmk* + 3 5 ^  -Yi'Ti J + o' K~zznx )}
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for a rectangular rear aperture of width V and 
height PI located a distance R from the center
of the target and looking through a slit of width 
W located a distance L away. For a circular rear 
aperture of diameter d,
AI--0 n
138
• 3d''" 7 . O'' . . r  d«+c* -j c y " / \fJz± 3.Jz \l
3 J T Cr S^U-CR.*- ~ ItRL I V 7p- ( ----fL? ) f
L z  J J
where B is the diameter of the beam, 0 is the
scattering or production angle, o' is the differentia
cross section at Q , and derivatives with respect
to Q are denoted by primes in the usual manner.
o'1The largest, value of -rp- encountered was -16.2 per
<y uradian, and the largest value of was -29.1 per
radian squared. The largest derivative corrections
(including both first and second derivative terms)
amounted to less than 0.1% of the measured cross
section, and derivative terras were therefore
ignored. The cross section formula was taken to be
do3 fiRLsirtGj. i
A I ~3)  ciil ~ 1 / ^ w l T  L 1 + a  ( c s c 1g - - |  > + b c o t ze -  c ]  1
where A is the area of the rear aperture, and
Long Telescope Short Telescope
W = 3.17 mm W ~ 2.5I mm
d = 3.20 mm V = 2.52 mm
F. = 35.9 cm H = 5.13 mm
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Long Telescope Shor t Telescope
L - 25.6 cm R = 24.6 cm
a = 1.94xl0~6 L = 10.3 cm
b = 4.14xl0~5 a = 4.16xl0"5
c = 4.73xl0~6 b = 8.58x10
c = 6.68xl0_4
n, R.L S\n&If we put cyo (0J> = M ;>vjpT / then we may write 
from equation AI-3 as
= O;(9)[l-£o-(0>]
The quantity ScslQ) is tabulated in Table AI-1.
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TABLE AI-1
V'
■ r- ti j . i r i t i i in r ti. -xx r, jiu w , » rr- -ruju— i.
8crC9)
5 ° 5 . 6  7 X 1 0 ~ 3
6 ° 3 . 9 2 X 1 0  ” 3
7 ° 2 . 8 8 X i o " 3
CO o 2 . 1 9 X io “ 3
9 ° 1 . 7 3 X i o “ 3
O o 1 . 4 2 X i o " 3
n ° 1 . 1 5 X 1 0 “ 3
1 2 ° 0 . 9 6 X i o “ 3
1 3 ° 0 . 8 1 X i o - 3
1 4 ° 0 . 7 0 X i o ' * 3
15° 1.18 X 10 '
16° 1.04 X IO”3
17° 0.92 X 10“3
18° 0.82 X 10” 3
19° 0.72 X 10“3
20° 0.66 X 10“ 3
Corrections to the cross section for finite beam 
and telescope aperture size. Entries from 5° to 
14° are for the long telescope geometry; entries 
from 15° to 20° are for the short telescope 
geometry.
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APPENDIX II
MULTIPLE SCATTERING CORRECTIONS
A. MULTIPLE SCATTERING
Charged particies passing through a material
medium undergo collisions with the atomic electrons
and nuclei of the medium. The collisions with
atomic electrons give rise, for nuclear particles,
primarily to energy-loss processes. The collisions
with nuclei give rise to little energy loss, but are
responsible for most of the deflection suffered by
the incident particle in traversing the medium.
(?)The article by Bohr' is by far the most interest­
ing general treatment of the subject.
The mean-square scattering angle for a single 
collision is defined by
foreward peaked, the mean-square angle is approx- 
ima te ly
Since the Rutherford cross-section is strongly
If the number of collisions experienced by a 
particle is sufficiently large, the central-limit 
theorem may be used to show that the distribution 
in angle is approximately gaussian around the 
foreward direction with a mean square angle (®z) = a (9z)>}
where n is the average number of collisions. That
• (3)is
<©*>= k l«6 = o.oj^c. * CS-Oz' (fk~z 1 )
\  '  " g * '3 A / 9
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The Havar foils used in the present experiment were 
3.09 mg/cm thick (ll%, as determined by weighing 
a foil of measured area), and had the following 
composition:
T (mg/cm ) Aaverage
Co: 1.312 mg/cm^ Z = 27, A = 59
Ni : 0.402 mg/cm^ Z = 28, A 59
Cr: 0.618 mg/cm Z = 24, A = 52
Fe: 0 0.55 3 mg/cm Z = 26, A = 5 6
W: 0.0 865 mg/cm z = 74, A r- 184
M o : 00.0618 mg/cm Z = 42, A = 96
M n : 0.0494 mg/cm z 25, A = 55
C: 0.0062 mg/cm^ z =■ 6, A = 12
Be: 0.0011 mg/cm z - 4 , A = 9
The mean-square angle fox' multiple scattering of 
3He and d by 3.09 mg/cm of Havar is plotted as a 
function of energy in figure AII--1.
B. FARADAY CUP EFFICIENCY
The Faraday cup is 7.6 2 cm in diameter, and 
is located 1.27 m from the center of the scattering 
chamber. It therefore subtends a cone of half-angle
0.03 radians at the center of the scattering
chamber. The gas cells are 6.6 cm in diameter and
2 • have 3.09 mg/cm Havar foil entrance and exxt
windows. The multiple scattering parameter, a* , 
for each foil is ^ *" = i where P(G)zTtQ
e~yrzii0^e is the probability of multiple scatter­
ing between 0 and e+de • The fraction scattered 
into a cone of half-angle 0.03 radians is just
o ° 3
X  P£0) S \ n © O 0  \x.
MI-1.) E - — ----------
/  P(e)sm 8 c!©O
The collection efficiency of the Faraday cup for 
collecting the unscattered beam is given by E 
provided there are no charge losses or gains 
due to secondary emission from the scattering 
chamber or out of the Faraday cup. And provided 
the incident.- beam passes through the center of the
143
Figure AII-1. Mean-square scattering angle for 
multiple scattering of charge-1, and charge-2 
particles passing through a 3,09 rag/cm Havar 
foil.
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scattering chamber at 0°, The charge-collection 
efficiency obtained with these assumptions is plotted 
in fig. AII-2. Allison has already considered 
the effects of secondary emission, and found them 
to be small. It remains, then, to consider the 
effects of possible beam misalignment.
The geometry of the problem is shown in 
fig. AII-3; the efficiency is a function of the 
multiple scattering parameter,  ^** , of Faraday 
cup geometry, and of the beam misalignment angle, 
cp . The fraction of the beam entering the Faraday 
cup is
O w a . ' K T
f  p(©)d/ue,=o
K.(d>)= ~Tp----- -— r-3 L*J P f0 ^ \nG de
where <J&tQj>0 is the element of area at © which is 
contained within the Faraday cup. Since 0 is 
small, we shall put to.n © ~ siwS-0 in what follows. 
Referring to fig. AII-3, we see that
cSA (S.cO = X 't v r 'd r '-  Z.'r'pcdr -  x  (TT- oO L*- 6cJ 9
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aidx^inui jo asn^oaq sosiie uoxqoaxxoo 
scqj, *A6isaa jo uoxq.otm:j b st? Aouototjja 
aoxqooxxoo-afixeip dno Aep^xpj ‘2-IIY sxaBxj
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Figure All-3. Beam misalignment geometry, 
beam centerline is along OL. The angle <p 
is the angle of misalignment, and 0 is the 
multiple scattering angle. The radius of 
the Faraday cup is R, and its distance from 
the center of the scattering chamber is L.
The
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o = L<p L = 1 2  7  cm. 
r=L 0  R =7 . 6 2  cm.
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Thus, the charge collection efficiency is given by
The limits of integration are 0, =. 03 - g> (the point 
at which the multiply scattered beam begins to 
lie outside the Faraday cup) and 0£ = . 03 * cp 
(the point beyond which multiply scattered beam lies 
entirely outside the Faraday cup). The expression 
for has been numerically integrated and
the efficiency E(<jO calculated from eq. AII-2. It 
is most interesting to consider the difference 
£(0)-cCcp) : the difference between the charge 
collection efficiency for no.misalignment and for 
a misalignment of cp radians. This quantity is 
plotted in fig. AII-4.
it is germane to consider what may be the upper 
limit on beam misalignment. From the beam center- 
line measurements (see Chapter III) it is estimated 
that the probable error in beam alignment is 0.15°.
O o
= E°(gp>)-SE (9
In view of the results shown in fig. AII-4,
This corresponds to an uncertainty in cha-rge--coll.ee
ion efficiency of 0.7% at 17 MeV.
Figure AII-4. Reduction in Faraday cup charge 
collection efficiency due to beam misalignment. 
The misalignment angle, cp , is shown both in 
degrees and in x'adians. The reduction in 
efficiency increases with decreasing energy, as 
expected. The quantity E(0) was calculated from 
equation AII-1.
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C. DETECTOR TELESCOPE CORRECTIONS
The image of the telescope slits on the 
exit window of the target cell is the arc segment 
(Q^C^) shown in figure AII-5 (a similar picture 
applies to the long target, where the image is 
a line segment): all particles entering the 
detector must pass through (Q1 ,Q2). If there is 
no multiple scattering in the foil, all particles 
reaching the detector come from the line segment R, 
When multiple scattering in the exit foil occurs, 
some of the particles from R^ can be scattered out 
of the path to the detector, and particles from 
R^ and Rj can be scattered into the path to the 
detector. The dashed line in figure AII--5 shows a 
possible trajectory for a particle from R2 .
Whether there is a net gain or net loss of particle 
reaching the detector depends on the multiple 
scattering parameter, , and on the behavior 
of the scattering or production cross section 
near the angle, 6 , at which the detector is 
situated. Allison (ref. 1 op. cit.) gives the 
following upper limit to the change in the number 
of particles reaching the detector:
A- ^  _ O'"(G)Kj ~ aTi) ~z .
O'"Putting in the largest magnitude for (-29 at 25°
lab angle for the IB.7 MeV elastic scattering data)
2 2and the corresponding value for ^'/2 (# /2=5.6 8x10 
we have
(~cr ^  = ~ l.fcW * io 3 = — o. i!*H 7o
'  N / vv\exx
which is much less than counting statistics.
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Figure AII-5. Geometry for multiple scattering 
corrections to the detector count rate. The 
sealed target is shown; a similar picture 
applies to the long target.
TELESCOPE SLITS
TARGET CELL-}  Q
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APPENDIX III 
SLIT PENETRATION
The target region seen by the detector 
is defined by the telescope slits. In the 
derivation of appendix I the slits were assumed 
to be totally absorbing. In actuality, there 
is no totally absorbing material, and some 
particles may pass through part or all of the 
slit material. However, such particles will have 
lost some energy in passing through the slit 
material, and they may be scattered by the slit 
material. The correction for slit penetration 
will thus depend on the energy resolution of the 
detector and on the acceptance angle, § , subtended 
by the detector at the rear slit. That is, we 
assume all particles lying more than some AE below 
the energy, E, of the particles incident on the 
slit system can be distinguished from the incident 
particles,, and that> all particles emerging from the 
slit system at angles less than some § from the 
axis of the system will reach the detector. If 
ftt: + o , 8 ^ 0  , more particles will reach the detector 
than if the slits were perfectly absorbing; there
is an effective increase in the widths of the 
slits, For example, for 50 MeV protons incident on 
Tantalum, with AE = 12 .5 MeV and S -1Y radians, the
-  ^effective slit width is increased by 4.9x10 cm, 
due to slit penetration. The value of AE above is 
much larger than those encountered in the present 
work (2 MeV or less), and the increase in slit 
width is correspondingly more severe than for the 
present work.
Let us make the following assumptions:
1. The slit, material is sufficiently thick to 
reduce the energy of incident particles
by A E .
2. The incident particles are monochromatic, of 
energy E.
3. The detector acceptance angle is&--1>' radians.
4. The energy loss in the slits is continuous, 
so that E=E(x), where x is the thickness of 
slit material traversed.
5. A E « E o , so that dE/dx and the scattering 
cross section in the slit material are 
approximately constant.
6. The slit width correction, d, is much 
less than the slit width, so that the 
acceptance angle is essentially unchanged.
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The slit material was '-^Ta, which has 
^ =16.6 gm/cirT . The slits were each 0.2cm thick, 
which corresponds to an energy loss of 18 MeV for
50 MeV protons. The slits would stop 46 MeV
3 4deuterons, 121 MeV He, and 136 MeV He, so that
all particles other than protons could be stopped
by the slits.
For a square-edged slit, under the above 
(4)assumptions, Courant gives the following 
expression for the increase in effective slit 
wi dth:
AHr-iO d -- yjfp X"* W"' (cm,')
where x is the distance an incident particle must 
travel in the slit material in order to have its 
energy reduced by &E, and W is given by
_1 \-<l^
181
f __A_ _ / f j yf]
^  ~ \yf Tfpw a \ & ?-e1 / ( In. I % 3 ) j
T
A, Z, are the mass number, atomic number, and
density of the slit material, M,x,v, are the mass
number, atomic number, and velocity of the incident
\particles, and N is Avogadro‘s number. One cano
integrate the approximate stopping power equation 
to obtain a general expression for x,. Substitution
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into equation AIII-1 then gives
m -z .) d <t „ . )  = [(e - f ),% f ( )
* D «  [ u  (i 2 s ? * y r 41 'J *,
where I is the mean ionization potential of the
slit material (700 eV for Tantalum), and m is the6
electron rest mass.
Slit width corrections were calculated for
1 2  1 4H,"H, He, and He for energies from 5 to 60 MeV.
The results showed that the correction for 3He and
4 - oHe was always less than 10 mm, even for 
AS ~ 4 MeV (which is twice the largest value 
encountered in the present work). The results 
for protons and deuterons are shown in figure 
AIII-1, for AE/E=2% and AE/'E=5%. In all cases, 
the effective increase in slit width is less than 
0.1%.
Figure AIII-1. Slit width correction as a function 
of particle energy and energy resolution for 
protons and deuterons. The width of the front 
slit is about 3irtrn, so corrections to the 
effective slit width are always less than 0.1%. 
Protons with energies up to 55 MeV and deuterons 
with energies up to 2 MeV were encountered in 
the present work.
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